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1 3 3 7 "  

The dynamical t h e o r y  of atmospheric t i d e s  and i t s  r e l a t i o n  t o  obse rva t ions  

on t h e  ground and i n  t h e  upper atmosphere are reviewed b r i e f l y .  

t i d a l  o s c i l l a t i o n s  of atmospheric p re s su re  observed on t h e  ground are 

The l u n a r  

thought  t o  be almost e n t i r e l y  due t o  g r a v i t a t i o n a l  f o r c e s  whereas t h e  s o l a r  

t i d a l  o s c i l l a t i o n s  are be l i eved  t o  be mainly caused by s o l a r  heat ing.  

Previous t h e o r i e s  of r e sonan t ,  g r a v i t a t i o n a l  e x c i t a t i o n  of t h e  s o l a r  t i d a l  

o s c i l l a t i o n s  are n o t  c o n s i s t e n t  with models of t h e  upper atmosphere 

ob ta ined  from rocke t  measurements. 

h e i g h t s  are inadequately known experimental ly  and are inadequately explained 

by p r e s e n t  t h e o r i e s  which n e g l e c t  viscuous l o s s e s  and t h e  ion ized  n a t u r e  

of t h e  upper atmosphere and whose l i n e a r  approximations break down a t  

ionosphe r i c  he igh t .  

T ida l  o s c i l l a t i o n s  at ionosphe r i c  

The dynamo theo ry  a t t r i b u t e s  t h e  q u i e t  day v a r i a t i o n s  of t h e  geomagnetic 

f i e l d  t o  t i d a l  o s c i l l a t i o n s  a t  ionospheric  he igh t .  

used e i t h e r  t o  d e r i v e  t h e  magnetic v a r i a t i o n s  from an assumed t i d a l  wind 

system o r  t o  d e r i v e  t h e  t i d a l  wind system from t h e  observed magnetic 

v a r i a t i o n s .  

t o  t h e  dynamo theo ry  although n e i t h e r  of t h e  two approaches is  f r e e  of 

a r b i t r a r y  assumptions. 

The theo ry  has been 

The r e s u l t s  of both types  of c a l c u l a t i o n s  lend broad support  
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The a d d i t i o n a l  d a i l y  magnetic v a r i a t i o n s  observed du r ing  magnet ical ly  

d i s t u r b e d  days are p a r t i c u l a r l y  i n t e n s e  i n  t h e  a u r o r a l  zone. 

are be l i eved  t o  be caused by some form of i n t e r a c t i o n  of t h e  s o l a r  wind with 

t h e  geomagnetic f i e l d  but  t h e  n a t u r e  of t h i s  i n t e r a c t i o n  is n o t  y e t  known 

wi th  c e r t a i n t y .  

v a r i a t i o n s a r e  desc r ibed  and one of them i s  discussed i n  d e t a i l .  This  t h e o r y  

p r e d i c t s  t h a t  t h e  gene ra t ing  mechanism r e s p o n s i b l e  fo r  t h e  d a i l y  d i s tu rbance  

v a r i a t i o n s  is  p r e s e n t ,  i n  reduced s t r e n g t h ,  even on magnet ical ly  q u i e t  days. 

Observations tend t o  confirm t h i s  conclusion 

These v a r i a t i o n s  

Various proposed t h e o r i e s  o f  t h e s e  d a i l y  d i s tu rbance  

A /A#-- 

1. I n t r o d u c t i o n  

This  naner r r  w i l l  be co~cem.ed with t i d a l  motions of t h e  1 r n - r  -rr- atmosnhere r --- 
and wi th  t h e  magnetic effects of t h e  ionospheric  c u r r e n t s  a s s o c i a t e d  wi th  

such motions. The word t i d e  is commonly a s s o c i a t e d  wi th  t h e  alternate r ise 

and f a l l  o f  t h e  s u r f a c e  of t h e  oceans,  twice i n  each l u n a r  day. These 

ocean ic  t i d e s  are be l i eved  t o  be caused by t h e  g r a v i t a t i o n a l  f o r c e s  of t h e  

moon and, t o  a lesser e x t e n t ,  of t h e  sun. P e r i o d i c  v a r i a t i o n s  i n  atmospheric 

p r e s s u r e ,  s imilar  t o  t h e  r ise and f a l l  of t h e  ocean s u r f a c e ,  have been 

observed s i n c e  t h e  1 7 t h  cen tu ry ,  first i n  t h e  t r o p i c s  (where o t h e r  v a r i a t i o n s  

are less prominent) and then  a t  moderate l a t i t u d e s .  

p e r i o d  o f  t h e  observed v a r i a t i o n s  of atmospheric p r e s s u r e  is r e l a t e d  t o  t h e  

s o l a r ,  and n o t  t o  t h e  l u n a r ,  day. Ca re fu l  s t a t i s t i ca l  s t u d i e s  show, 

however, t h a t  much weaker v a r i a t i o n s ,  whose pe r iod  is r e l a t e d  t o  t h e  l u n a r  

day, are a l s o  p r e s e n t  i n  t h e  observed p r e s s u r e  da t a .  I t  has  become customary 

t o  refer  t o  atmospheric p r e s s u r e  f l u c t u a t i o n s ,  whose per iod i s  r e l a t e d  t o  

t h e  s o l a r  and l u n a r  day, as s o l a r  and l u n a r  atmospheric t i d e s .  

S u r p r i s i n g l y ,  t h e  
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The observed l u n a r  t i d e s  i n  atmospheric p re s su re  are mainly semidiurnal  

( t h e y  have a pe r iod  of 12 l u n a r  hours)  and t h i s  is  t o  be expected ( a s  w i l l  be 

shown l a t e r )  s i n c e  t h e i r  cause is t h e  g r a v i t a t i o n a l  f i e l d  of t h e  moon. The 

observed s o l a r  t i d e s  i n  atmospheric p re s su re  have components with p e r i o d s  

of 24, 12 ,  8, G...hours; t h e  semidiurnal  component is u s u a l l y  t h e  l a r g e s t .  

The presence of a l a r g e  24-hour component appears  t o  suggest ,  however, t h e  

e x i s t e n c e  of o t h e r  t h a n  g r a v i t a t i o n a l  e x c i t a t i o n .  

amplitude of t h e  s o l a r  t i d e s  i n  atmospheric p r e s s u r e  ( i n  comparison wi th  t h e  

l u n a r  t i d e s )  could be i n t e r p r e t e d  as an even s t r o n g e r  i n d i c a t i o n  of the rma l  

r a t h e r  t han  g r a v i t a t i o n a l  o r i g i n .  The r e l a t i v e  importance of g r a v i t a t i o n a l  

and h e a t i n g  effects i n  t h e  production of t h e  semidiurnal  component of 

a tmospheric  s o l a r  t i d e s  is a complex ques t ion  t h a t  has occupied t h e  a t t e n t i o n  

of many prominent mathematical p h y s i c i s t s  s i n c e  Laplace (1799, 1825). 

d e t a i l e d  e x c e l l e n t  review of t h e  dynamical t heo ry  of t i d a l  atmospheric 

o s c i l l a t i o n s  has r e c e n t l y  appeared ( S i e b e r t  , 1961) fol lowing an  earlier one 

by Wi lkes  (1949). 

r e l a t i v e l y  b r i e f  a l though r e f e r e n c e  w i l l  be made t o  t h e  r e s u l t s  of t h e o r e t i c a l  

i n v e s t i g a t i o n s  c a r r i e d  ou t  s i n c e  S i e b e r t  ’ s review. 

The ariomalously l a r g e  

A 

The p r e s e n t  account of t i d a l  t h e o r y  w i l l  t h e r e f o r e  be 

I t  w i l l  become clear from t h e  p re sen t  paper t h a t  t h e  t i d a l  motions 

of t h e  atmosphere, a s s o c i a t e d  with t h e  p e r i o d i c  p r e s s u r e  f l u c t u a t i o n s ,  

would n o t  be r e s t r i c t e d  t o  t h e  lower atmosphere even i f  t h e  sou rces  of 

t h e i r  energy were so r e s t r i c t e d .  The motions of t h e  unionized p a r t  of 

t h e  atmospheric gas  c e r t a i n l y  extend t o  w e l l  above 100 km, while i n d i r e c t  

effects extend t o  d i s t a n c e s  of s e v e r a l  e a r t h  r a d i i .  

atmosphere i s  almost f u l l y  ion ized ,  and i t s  motion is mainly a motion of 

charged p a r t i c l e s .  

c u r r e n t s  i n  t h e  upper atmosphere. 

about 90-140 km where t h e  i o n s  t e n d  t o  move wi th  t h e  n e u t r a l  p a r t i c l e s  as 

A t  t h e s e  g r e a t  h e i g h t s  t h e  

I t  w i l l  a l s o  be seen t h a t  t h e  t i d a l  motions produce 

These c u r r e n t s  flow mainly at h e i g h t s  of 
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a r e s u l t  o f  c o l l i s i o n s  while t h e  motion o f  t h e  e l e c t r o n s  ( a t  l eas t  i n  

d i r e c t i o n s  perpendicular  t o  t h e  magnetic f i e l d )  is  almost e n t i r e l y  determined 

by t h e  ambient e lectr ic  and magnetic f i e l d s  and is ha rd ly  per turbed  by 

c o l l i s i o n s ,  

The e x i s t e n c e  o f  upper atmospheric c u r r e n t s  was pos tu l a t ed  by S t e w a r t  

(18821, who t r i e d  t o  expla in  t h e  smal l  d a i l y  v a r i a t i o n s  of t h e  geomagnetic 

f i e l d  ( t h e  Sq v a r i a t i o n s ,  r e l a t e d  t o  t h e  s o l a r  day and t h e  much weaker L 

v a r i a t i o n s , r e l a t e d  t o  t h e  l u n a r  day) observed dur ing  magnet ica l ly  q u i e t  days. 

A s imi la r  sugges t ion  was made cons iderably  ear l ier  by Gauss (1839) .  

simply assumes t h a t  t h e  atmosphere a t  g r e a t  h e i g h t s  behaves l i k e  a moving 

amductor  of e l e c t r i c i t y ,  t h e  motion be ing  caused by t h e  t i d e s ,  

induced i n  t h e  atmosphere very  much l i k e  i n  t he  moving cvriuuctor OL a uyr?alCre 

Stewar t  

Curren ts  are. 

This 

explana t ion  of  t h e  Sq and L v a r i a t i o n s  is u s u a l l y  c a l l e d  t h e  dynamo theo ry ,  

and sometimes t h e  ionospher ic  c u r r e n t s  t h a t  are be l ieved  t o  be r e s p o n s i b l e  

f o r  t h e  magnetic % and L v a r i a t i o n s ,  are c a l l e d  t h e  dynamo cu r ren t s .  

S t e w a r t ' s  t heo ry  w a s  formulated q u a n t i t a t i v e l y  by Schus te r  (1908) and 

These e a r l i e r  formula t ions  of  t h e  theo ry  assume an by Chapman (1919).  

i s o t r o p i c  conduc t iv i ty  i n  t h e  upper atmosphere. The a n i s o t r o p i c  n a t u r e  of  

ionospher ic  conduc t iv i ty  is t aken  i n t o  account by Hlrono (19521, Baker  and 

Martyn (1952, 19531, F e j e r  (19531, H. Maeda (1955) and Kat0 (1956) among 

o t h e r s .  Thei r  work shows t h a t  i f  t h e  e l e c t r o n  concen t r a t ions  measured by 

ionosondes are assumed then  t h e  t i d a l  winds t h a t  are i n f e r r e d  t o  e x i s t  a t  

ionospher ic  h e i g h t s  from r a d i o  observa t ions  ( o f  d r i f t i n g  meteor t r a i l s  and 

of d r i f t i n g  d i f f r a c t i o n  p a t t e r n s ) ,  are capable  of producing,by dynamo a c t i o n ,  

magnetic v a r i a t i o n s  of about t h e  same o r d e r  of  magnitude as t h e  observed ones. 

The observed d a i l y  v a r i a t i o n s  of t h e  geomagnetic f i e l d  are g r e a t l y  

enhanced i n  t h e  p o l a r  r eg ions ,  e s p e c i a l l y  i n  t h e  a u r o r a l  zone, dur ing  

magnet ica l ly  d i s tu rbed  days (Chapman, 1935). Attempts have been made 
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(Obayashi and Jacobs,  1957, H. Maeda, 1957, Swif t ,  1963a, 1963b) t o  

e x p l a i n  t h e  a d d i t i o n a l  d a i l y  v a r i a t i o n s  of t h e  geomagnetic f i e l d  ( t h e  Ds 

v a r i a t i o n s )  t h a t  occur  dur ing  d i s tu rbed  days,  by modified t i d a l  dynamo 

t h e o r i e s  i n  which enhancedE-region i o n i z a t i o n  d e n s i t i e s  (and t h e r e f o r e  

c o n d u c t i v i t i e s )  are assumed t o  e x i s t  i n  t h e  a u r o r a l  zone. The r e s u l t s  o f  

such a t t empt s  show t h a t  t h e  observed D s  v a r i a t i o n s  cannot be expla ined  

by a dynamo theo ry  without r a t h e r  a r t i f ic ia l  assumptions about t h e  

atmospheric  wind system t h a t  d r i v e s  t h e  c u r r e n t s ,  

I n  o t h e r ,  more r ecen t  t h e o r i e s  of t h e  D s  v a r i a t i o n s  (Chamberlain, 1961; 

F e j e r ,  1961, 1963a; and Kern, 1961) t h e  e n e r g e t i c  charged p a r t i c l e s  

o f  t h e  r a d i a t i o n  b e l t s ,  which are t rapped i n  a geomagnetic f i e l d  d i s t o r t e d  

by t h e  s o l a r  wind, p l ay  an e s s e n t i a l  p a r t .  

t h e s e  t h e o r i e s  i n  a d i scuss ion  of t h e  magnetic effects caused by atmospheric 

t i d e s .  

D s  v a r i a t i o n s  are u n r e l a t e d  t o  t h e  t i d a l  a tmospheric  p re s su re  f l u c t u a t i o n s  

observed on t h e  ground, b u t  it is not  easy  t o  s e p a r a t e  t h e  ionospher ic  

c u r r e n t s  caused by t i d a l  winds ( a s s o c i a t e d  wi th  t h e  p re s su re  f l u c t u a t i o n s  

on t h e  ground),  without a t h e o r e t i c a l  understanding of both effects. 

Eloreover, i f  t h e  meaning of t h e  a d j e c t i v e  " t i d a l "  is extended t o  d e s c r i b e  

motions of t h e  magnetosphere, and i f  a p a r t i c l e  stream from t h e  sun is  

added t o  e lec t romagnet ic  r a d i a t i o n  and g r a v i t y ,  as y e t  another  p o s s i b l e  

cause o f  s o l a r  t i d e s ,  then  any mechanism suggested for  t h e  explana t ion  

of t h e  D s  v a r i a t i o n s  is n e c e s s a r i l y  a s o l a r  t i d a l  mechanism. Although 

t h e  word " t i d a l "  w i l l  no t  be used i n  t h i s  wider sense  i n  t h e  p re sen t  a r t i c l e ,  

a l l  p e r i o d i c  magnetic v a r i a t i o n s  whose pe r iod  i s  r e l a t e d  t o  t h e  s o l a r ,  o r  

l u n a r ,  day w i l l  be d iscussed  and t h e  t h e o r i e s  proposed f o r  t h e i r  explana t ion  

w i l l  be considered.  

It  is  n a t u r a l  t o  inc lude  

I t  is t r u e  t h a t  some of t h e  mechanisms proposed t o  exp la in  t h e  
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2. G r a v i t a t i o n a l  Equi l ibr ium Tides and t h e  Observed Pressure  F luc tua t ions  

When t h e  e a r t h  moves under t h e  inf luence  of ano the r  as t ronomica l  body 

such as t h e  sun o r  t h e  moon, i t s  cen te r  of  mass moves wi th  an a c c e l e r a t i o n  

- a t h a t  can be c a l c u l a t e d  by assuming t h a t  a l l  t h e  f o r c e s  a c t i n g  on t h e  body 

act  a t  t h e  c e n t e r  of mass and t h a t  t h e  whole mass is  concent ra ted  t h e r e .  

I n  a d d i t i o n ,  t h e  e a r t h  r o t a t e s  about i t s  c e n t e r  of  mass wi th  an angular  

v e l o c i t y  w which may be regarded as cons t an t  f o r  p r e s e n t  purposes ,  - 
If te r res t r ia l  motions are s t u d i e d  from a coord ina te  system f i x e d  wi th  

r e s p e c t  t o  t h e  e a r t h  and with its o r i g i n  a t  t h e  c e n t e r  of mass, then  t h r e e  

" i n e r t i a l  forces"  have t o  be added t o  any o t h e r  f o r c e s  a c t i n g  on a 

h y p o t h e t i c a l  p o i n t  mass m. These are t h e  " i n e r t i a l "  f o r c e  - mz, t h e  

c e n t r i f u g a l  f o r c e  wx!rxw! and t h e  C o r i o l i s  f o r c e  2mvxw where v is t h e  

v e l o c i t y  o f  t h e  p o i n t  mass and r i s  t h e  r a d i u s  vec tor .  

- --L -- - 
-. 

I t  is of i n t e r e s t  t o  examine first t h e  equi l ibr ium d i s t r i b u t i o n  of 

t h e  oceans and t h e  atmosphere under t h e  in f luence  o f  t h e  f o r c e s  a c t i n g  on 

them; i n  such a c a l c u l a t i o n  t h e  e a r t h ' s  angular  v e l o c i t y  is assumed t o  

be i n f i n i t e l y  small and t h e  c e n t r i f u g a l  and C o r i o l i s  f o r c e s  are neglec ted .  

The t h r e e  remaining e x t e r n a l  f o r c e s  a c t i n g  on a p o i n t  mass m are then  t h e  

g r a v i t a t i o n a l  a t t r a c t i o n s  of  t h e  e a r t h  and of  t h e  pe r tu rb ing  as t ronomica l  

body and t h e  i n e r t i a l  f o r c e  - m a .  
a t t r a c t i o n  o f  t h e  e a r t h  remains f i x e d  wi th  r e s p e c t  t o  t h e  e a r t h ,  and t h u s  

does n o t  cause any changes i n  t h e  equi l ibr ium d i s t r i b u t i o n  of t h e  oceans 

and t h e  atmosphere. 

of t h e  pe r tu rb ing  body remain approximately f i x e d  wi th  r e s p e c t  t o , t h e  

pe r tu rb ing  body, and t h u s  appear t o  r o t a t e  when viewed from a system f i x e d  

with r e s p e c t  t o  t h e  e a r t h .  

magnitude and oppos i te  i n  d i r e c t i o n  for  a h y p o t h e t i c a l  po in t  mass s i t u a t e d  

One of t h e s e  f o r c e s ,  t h e  g r a v i t a t i o n a l  

The i n e r t i a l  f o r c e  -ma and t h e  g r a v i t a t i o n a l  a t t r a c t i o n  - 

These two f o r c e s  are very n e a r l y  equa l  i n  
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a t  t h e  c e n t e r  of  t h e  e a r t h .  The r e s u l t a n t  of t h e  two f o r c e s  does n o t ,  

however, q u i t e  vanish  on t h e  su r face  of  t h e  e a r t h ,  as i l l u s t r a t e d  schemat ica l ly  

by Fig. 1 f o r  p o i n t s  i n  t h e  e q u a t o r i a l  p lane ;  t h i s  r e s u l t a n t  f o r c e  i s  

r e s p o n s i b l e  f o r  t h e  g r a v i t a t i o n a l  t i d a l  motions,  

t h e  e a r t h ' s  axis of r o t a t i o n  is taken  t o  be perpendicular  t o  t h e  ear th-sun 

Figure 1 shows t h a t ,  i f  

l i n e ,  t hen  t h e  t i d a l  f o r c e  goes through two c y c l e s  of r o t a t i o n  while  t h e  

e a r t h  goes  round once. The v a r i a t i o n  of t h e  t i d a l  f o r c e  i s  t h u s  semidiurnal  

i n  n a t u r e ;  i n  r e a l i t y ,  a smaller d i u r n a l  component is  a l s o  p re sen t  because 

t h e  e a r t h ' s  a x i s  o f  r o t a t i o n  is n o t  q u i t e  perpendicular  t o  t h e  sun-ear th  

d i r e c t i o n .  

S ince  both t h e  a t t r a c t i v e  fo rce  of  t h e  pe r tu rb ing  body and t h e  uniform 

f o r c e  f i e l d  -ma may be expressed as g r a d i e n t s  of a p o t e n t i a l ,  it is more 

convenient  t o  c a l c u l a t e  t h e  t i d a l  p o t e n t i a l  r a t h e r  than t h e  t i d a l  fo rce .  

A d e t a i l e d  harmonic a n a l y s i s  o f  t h e  c a l c u l a t e d  t i d a l  p o t e n t i a l  was c a r r i e d  

out  by Doodson (1922). If t h e  t i d e s  were caused by g r a v i t a t i o n  alone,  and 

i f  t h e  atmosphere would assume an equi l ibr ium d i s t r i b u t i o n  corresponding t o  

t h e  t i d a l  p o t e n t i a l  a t  a l l  times, then a t  t h e  equator  t h e  amplitude of t h e  

average l u n a r  semidiurnal  v a r i a t i o n  of atmospheric p re s su re  would be about 

0.022 mm of mercury; t h e  s o l a r  semidiurnal  v a r i a t i o n  would have an amplitude 

- 

of 0.010 mm of mercury. 

on account of  t h e  i n c l i n a t i o n  of  t h e  e a r t h ' s  e q a t o r i a l  p lane  wi th  r e s p e c t  

t o  t h e  e c l i p t i c . )  

about 0.9 mm o f  mercury f o r  t h e  s o l a r ,  and 0.055 mm f o r  t h e  l u n a r ,  

semidiurna l  p re s su re  f l u c t u a t i o n s ,  

of t h e  c a l c u l a t e d  equi l ibr ium t i d a l  p re s su re  f l u c t u a t i o n s  and o f  t h e  

observed f l u c t u a t i o n s  is given by S i e b e r t  (1961), and t h e  r eade r  is r e f e r r e d  

t o  h i s  review a r t i c l e  f o r  f u r t h e r  d e t a i l .  

(Smaller  d i u r n a l  v a r i a t i o n s  would a l s o  be expected 

The observed average ampli tudes a t  t h e  equator  are 

The d e t a i l e d  geographical  d i s t r i b u t i o n  
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I t  is  clear t h a t  t h e  observed l u n a r  semidiurna l  p re s su re  f l u c t u a t i o n s  

exceed t h e  g r a v i t a t i o n a l  equi l ibr ium t i d e  by a f a c t o r  of about 2.5, while  

f o r  t h e  s o l a r  semidiurna l  p re s su re  f l u c t u a t i o n  t h e  va lue  of  t h e  same f a c t o r  

is about  90. 

3. 

3.1 Basic Equat ions 

G r a v i t a t i o n a l  and Thermal Exc i t a t ion  of Atmospheric O s c i l l a t i o n s  

Laplace (1799, 1825) r e a l i z e d  t h a t  t h e  simple equ i l ib r ium theory  o f  

a tmospheric  t i d e s  cannot exp la in  t h e  t i d a l  p re s su re  f l u c t u a t i o n s  observed on 

t h e  ground and t h e r e f o r e  formulated h i s  dynamical t heo ry  o f  t h e  t i d e s .  

work was f u r t h e r  developed by Margules (1892, 18931, Hough (1897, 18981, Lamb 

(19101, Taylor  (1936) and P e k e r i s  (1937, 1939). 

and Wi lkes  (19471, J acch ia  and Kopal (19521, S i e b e r t  (1954) and Small and 

B u t l e r  (1961, 1963) a p p l i e s  t h e  theo ry  t o  d i f f e r e n t  and i n c r e a s i n g l y  

r e a l i s t i c  atmospheric models i n  a t t empt s  t o  b r ing  t h e  theory  i n t o  b e t t e r  

agreement wi th  observa t ions .  

H i s  

More r e c e n t  work by Weekes 

Cer t a in  approximations are common i n  a l l  t h e  above t h e o r i e s .  The e a r t h  

i s  assumed t o  be a p e r f e c t  sphere of r a d i u s  R t h a t  r o t a t e s  wi th  a cons t an t  

angu la r  v e l o c i t y  0. The change o f  magnitude of t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n  

g wi th  he igh t  and geographical  p o s i t i o n  is neglec ted .  
0' 

t h e  d e n s i t y  p , t h e  temperature  T and t h e  scale he igh t  H = KT /mg (where K is 

Boltzmann's cons t an t )  of t h e  atmosphere are assumed t o  depend only  on t h e  

he igh t  z and no t  on t h e  c o l a t i t u d e  0 and t h e  long i tude  I$ . The mean molecular  

mass m is taken t o  be independent of he igh t ;  t h i s  is probably t r u e  below 

t h e  lower boundary of t h e  ionosphere. Non-linear terms are neg lec t ed  i n  

t h e  equa t ions  of motion; t h i s  is c e r t a i n l y  no t  pe rmis s ib l e  a t  h e i g h t s  above 

about 100 km, where t h e  t i d a l  p re s su re  f l u c t u a t i o n s  become comparable t o  t h e  

s t a t i c  p res su re  p . 

The s ta t ic  p res su re  p - 
0 0 0 

Vertical a c c e l e r a t i o n s  are neplec ted  i n  t h e  equat ions  of 
0 
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motion s i n c e  t h e  motions are l a r g e l y  ho r i zon ta l .  

l o s s e s  are neglec ted .  

and t h e i r  range of v a l i d i t y  may be found i n  S i e b e r t ' s  (1961) review. 

Di s s ipa t ive  energy 
4 

3 

A more d e t a i l e d  d i scuss ion  of t h e s e  approximations 

With t h e  above approximations,  t h e  equat ions  of motion of f l u i d .  mechanics 

l e a d  t o  a p a r t i a l  d i f f e r e n t i a l  equat ion which can be solved by sepa ra t ion  

of v a r i a b l e s .  The de t a i l s  of t h e  a n a l y s i s  are given by S i e b e r t  (1961). 

The s o l u t i o n s  are obta ined  i n  terms of or thogonal  e igen func t ions  JI 1 ,m' 

corresponding t o  e igen  va lues  h of t h e  d i f f e r e n t i a l  equat ion  1 ,m 

Here F denotes  t h e  d i f f e r e n t i a l  ope ra to r  

where f = a/2o and 2s/o 

unknown divergence x = d i v  v of t h e  v e l o c i t y  v of t h e  atmosphere may then  

be w r i t t e n  i n  t h e  form of an expansion i n  terms of t h e  or thogonal  e igen-  

func t ions  Q i n  t h e  form 

is  t h e  per iod  of t h e  t i d a l  o s c i l l a t i o n .  The 

- - 

1,m 

where x1 6 2 )  are complex func t ions  of t h e  he ight  t o  be determined. 

p o t e n t i a l  Q(z,9,g) and t h e  amount of hea t  J(z,f3,#) absorbed by u n i t  volume 

The t i d a l  

of  t h e  atmosphere i n  u n i t  t i m e  may be s i m i l a r l y  expanded. The unknown f u n c t i o n s  



where H = kT/mg is t h e  scale he igh t ,  k i s  Boltzmann's cons t an t ,  T is t h e  

tempera ture ,  A =  c /c is  t h e  s p e c i f i c  hea t  r a t i o ,  and where 
P V  

0 

(5) 

( 7 )  

It should be noted t h a t  equat ion  (4) c l o s e l y  resembles t h e  wave equat ion.  

If t h e  temperature  i s  low (H i s  small) and t h e  temperature  g rad ien t  is 

nega t ive ,  then  t h e  express ion  i n  t h e  c u r l y  bracke t  can become nega t ive  

and t h e  waves are then  evanescent.  A t  t h e  ground t h e  v e r t i c a l  component of 

t h e  v e l o c i t y  must vanish;  t h e  r e s u l t i n g  boundary condi t ion  assumes t h e  form 

Another boundary condi t ion  has  t o  be s a t i s f i e d  a t  i n f i n i t y  ( a t  g r e a t  

h e i g h t s ) .  If d i s s i p a t i v e  l o s s e s  were taken  i n t o  account by t h e  theory ,  then 

t h i s  boundary condi t ion  could be formulated i n  terms o f  t h e  vanish ing  o f  t h e  

o s c i l l a t i o n  amplitude a t  i n f i n i t y .  Since such l o s s e s  are no t  included i n  t h e  

theory ,  t h e  atmosphere a t  g r e a t  h e i g h t s  i s  u s u a l l y  chosen so t h a t  it can 

suppor t  p ropagat ing  waves (descr ibed  by equat ion  4) and t h e  boundary cond i t ion  

i s  then  taken t o  be t h a t  waves a t  g r e a t  he igh t  must be outgoing (i.e.,  t h e  

ampli tude of incoming waves must vanish) .  

Some confusion e x i s t s  i n  t h e  l i t e r a t u r e  about t h e  boundary cond i t ion  

a t  i n f i n i t y  when t h e  chosen atmospheric model can support  p ropagat ing  waves 

a t  g r e a t  he ights .  This  boundary condi t ion  i s  o f t e n  s t a t e d  i n  t h e  form t h a t  

t h e  outf lowing energy f l u x  and t h e r e f o r e  t h e  imaginary p a r t  of y;: (dy/dx)  

must be p o s i t i v e  ( t h e  a s t e r i s k  i n d i c a t e s  t h e  conjugate  complex va lue ) .  Such 
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a s ta tement  is n o t  s u f f i c i e n t  f o r  t h e  formula t ion  of a boundary cond i t ion  

a t  i n f i n i t y ;  i n  effect  it merely i n s i s t s  t h a t  t h e  energy f l u x  of t h e  outgoing 

wave should be g r e a t e r  (wi thout  spec i fy ing  how much g r e a t e r )  than  t h e  energy 

f l u x  of t h e  incoming wave. The c o r r e c t  boundary condi t ion  must i n s i s t  on 

t h e  vanish ing  o f  t h e  incoming wave; t h e  c a l c u l a t i o n s  o f  Weekes and Wilkes 

(1947), Jacch ia  and Kopal (1952) and Small and B u t l e r  (1963) a l l  assume, i n  

effect ,  t h a t  t h e  amplitude of t h e  incoming wave vanishes .  

Equat ions (1-8) formally desc r ibe  t h e  method by which s o l u t i o n s  can 

be ob ta ined  f o r  t h e  t i d a l  o s c i l l a t i o n s  of a given model atmosphere, e x c i t e d  

by g iven  t i d a l  fo rces ,  u s u a l l y  by numerical  methods. 

i n t e r e s t ,  such as t h e  p re s su re  and t h e  conponents of t h e  v e l o c i t y ,  may then  

be expressed i n  terms of t h e  s o l u t i o n  f o r  x ;  t h e  r e l e v a n t  equat ions  are given 

by S i e b e r t  (1961).  

3.2 I n t e r n a l  Gravi ty  Waves 

The o t h e r  q u a n t i t i e s  of 

The dynamical problem o f  t i d a l  o s c i l l a t i o n s  is e s s e n t i a l l y  one o f  wave 

propagat ion i n  a s p h e r i c a l l y  s t r a t i f i e d  medium; t h e  waves are e x c i t e d  by 

g r a v i t a t i o n a l  and thermal  f o r c e s .  

t h e i r  per iod  i s  of t h e  o r d e r  of  hours. 

The frequency of t h e  waves is  very  low; 

The n a t u r e  of propagat ing waves i n  an i d e a l i z e d  D l a n e - s t r a t i f i e d  

atmosphere whose temperature  i s  independent of t h e  h e i g h t ,  changes cons iderably  

as t h e  per iod  of t h e  waves i s  gradual ly  increased .  

cease t o  propagate  when t h e i r  wave l e n g t h  becomes comparable t o  o r  l a r g e r  

t h a n  t h e  scale he ight  of t h e  atmosphere. 

f a l l s  wi th in  a c r i t i c a l  t i m e  i n t e r v a l  (which i s  between about 4.4 and 4.9 

minutes  f o r  a scale he ight  of  6 km and a g r a v i t a t i o n a l  a c c e l e r a t i o n  of 9.5 

m/sec2 1, cannot propagate  a t  a l l ;  waves wi th  s h o r t e r  pe r iods  resemble conven- 

t i o n a l  sound waves, whereas waves with longe r  pe r iods  are e s s e n t i a l l y  d i f f e r e n t  

from sound waves and are u s u a l l y  c a l l e d  i n t e r n a l  g r a v i t y  waves. 

Conventional sound waves 

More p r e c i s e l y ,  waves whose per iod  

The 
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fo l lowing  b r i e f  d i scuss ion  of t h e  propaEation p r o p e r t i e s  of t h e s e  waves 

is based on a r e c e n t  paper  by Hines (1960). 

I n  c o n t r a s t  t o  high frequency sound waves whose wave l eng th  is 

determined by t h e  frequency a lone ,  t h e  wave l e n g t h  o f  g r a v i t y  waves, with 

p e r i o d s  s u b s t a n t i a l l y  i n  excess  of t h e  c r i t i c a l  4.9 minutes ,  s t r o n g l y  

depends on t h e i r  d i r e c t i o n  of phase propagat ion.  I t  can have any va lue  

smaller than  a c e r t a i n  c r i t i c a l  va lue  which is c l o s e  t o  t h e  wave l eng th  

t h a t  a sound wave of t h e  same frequency would have. For a l l  wave l e n g t h s  I 

t h a t  a r e  s u b s t a n t i a l l y  sma l l e r  than t h i s  c r i t i c a l  va lue ,  t h e  d i r e c t i o n  i 
1 of  phase propagat ion i s  very  n e a r l y  ver t ical  and t h e  d i r e c t i o n  of  t h e  

group v e l o c i t y  (o r  energy propagat ion)  is very  n e a r l y  h o r i z o n t a l ;  t h e  

sma l l  v e r t i c a l  component of t h e  group v e l o c i t y  p o i n t s  i n  a d i r e c t i o n  

oppos i t e  t o  t h a t  of t h e  v e r t i c a l  component of  t h e  phase v e l o c i t y .  , 

Another important d i f f e r e n c e  between i n t e r n a l  g r a v i t y  waves of long 
I 

per iod  and sound waves of  s h o r t  per iod  l i e s  i n  t h e  d i r e c t i o n  of o s c i l l a t i o n s  

o f  t h e  medium. I n  sound waves t h e  d i r e c t i o n  of  o s c i l l a t i o n  is n e a r l y  p a r a l l e l  t o  

t h e  d i r e c t i o n  of phase and group propagat ion,  whereas i n  i n t e r n a l  g r a v i t y  waves, t h e  

d i r e c t i o n  o f  o s c i l l a t i o n  is  approximately h o r i z o n t a l  and t h e r e f o r e  i s  n e a r l y  i 
Ferpendicular  t o  t h e  d i r e c t i o n  of phase propagat ion and a t  t h e  same t ime n e a r l y  

p a r a l l e l  t o  t h e  d i r e c t i o n  of group propagat ion.  

A f u r t h e r  i n t e r e s t i n g  p rope r ty  of  i n t e r n a l  g r a v i t y  waves i s  t h e  constancy 
6’ 9 
- - 

of  t h e  product  / I %  where 

square  va lue  of  t h e  v e l o c i t y  of o s c i l l a t i o n .  

i s  t h e  d e n s i t y  o f  t h e  medium a n d U - i s  t h e  mean I;; P 
The v e l o c i t y  of  t h e  o s c i l l a t i o n s  

can t h e r e f o r e  be many o r d e r s  of magnitude g r e a t e r  a t  ionospher ic  h e i g h t s  than  

on t h e  ground. 

3 . 3  Free O s c i l l a t i o n s  of  t h e  Atmosphere 

I n  e f f e c t  equat ions  (1-8) mathematical ly  desc r ibe  t h e  e x c i t a t i o n  of long 

pe r iod  i n t e r n a l  g r a v i t y  waves i n  t h e  e a r t h ’ s  non-uniform atmosphere by g r a v i t a -  
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t i o n a l  and thermal  t i d a l  fo rces .  

o s c i l l a t i o n s  of t h e  atmosphere, it is  of interest t o  i n a u i r e  whether fme 

o s c i l l a t i o n s  o f  t h e  atmosphere are poss ib l e .  The cond i t ion  f o r  such free 

o s c i l l a t i o n s  is  t h a t  an eigenvalue h o f  equat ion (1) should be equa l  t o  

an e igenva lue  h 

s u b s c r i p t s  1 , m .  

i n t e r p r e t a t i o n ;  it may be shown (Taylor  1936) t h a t  (yh,)zis t h e  v e l o c i t y  of 

propagat ion of long i n t e r n a l  g r a v i t y  waves spreading o u t  h o r i z o n t a l l y  from 

exp los ions  such as t h e  Krakatoa e r u p t i o n  i n  1883 or t h e  r e c e n t  high a l t i t u d e  
A 2 

t hermonuclear explosions.  

an ocean of depth h n '  n 

t h e  e q u i v a l e n t  depths  o f  t h e  atmosphere. 

t h e  atmosphere could have mcre t h a  cne equ iva len t  depth ,  ~ s ~ ~ e ~ p c n d i ~ g  t o  

more t h a n  one h o r i z o n t a l  v e l o c i t y  of propagation. A s i t u a t i o n  r a t h e r  similar 

t o  t h a t  i n  a wave guide which can support  more than  one propagat ing mode may, 

however, occur  i n  t h e  atmosphere. 

Before t h e  c a l c u l a t i o n  of t h e s e  fo rced  

A m  
of equat ion ( 4 ) ,  a f t e r  s e t t i n g q =  J = 0 and o m i t t i n g  t h e  

The e igenva lues  h 

n 

o f  equa t ion  ( 4 )  may be given a p h y s i c a l  
n I 

Sincehh,,) is &so t h e  v e l o c i t y  of long waves i n  

t h e  e igenvalues  h could,  i n  a sense,  be regarded as 

I t  appears  puzzl ing a t  first t h a t  

If one i n t e r p r e t s  equat ion (4 )  as a wave equa t ion ,  t hen  wave propagation 

is  p o s s i b l e  only when t h e  c o e f f i c i e n t  o f  y 

o the rwise  t h e  waves are evanescent.  I n  t h e  e a r t h ' s  atmosphere, f o r  a given 

va lue  o f  h ,  t h i s  c o e f f i c i e n t  could be nega t ive  n e a r  t h e  tropopause and n e a r  

t h e  mesopause (where t h e r e  are b a r r i e r s )  and p o s i t i v e  n e a r  t h e  mesopeak 

(where t h e r e  may be a d u c t )  and i n  t h e  thermosphere. 

two e igenva lues  h 

proposed by Weekes and Wi lkes  (1947) and shown by Fig. 2; one o f  t h e s e  

corresponds t o  propagation t r apped  below t h e  t ropopause while t h e  o t h e r  

corresponds t o  propagation t r apped  below t h e  mesopause. 

t h e s e  eigenvalues  does no t  depend g r e a t l y  on t h e  choice of an atmospheric 

model ( s i n c e  t h e  atmosphere i s  r a t h e r  w e l l  known and simply behaved below 

t h e  t ropopause ) ,  t h e  second eigenvalue s t r o n g l y  depends on t h e  temperature  

p r o f i l e  assumed f o r  t h e  mesosphere and may even be a l t o g e t h e r  absen t  i f  t h e  

i n  t h e  c u r l y  bracket  is p o s i t i v e ;  
l , m  

It may be shown t h a t  

may e x i s t  f o r  c e r t a i n  atmospheric models such as t h e  one n 

While t h e  first of 
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temperature  maximum a t  t h e  mesopeak is not  s u f f i c i e n t l y  high. 

hand atmospheric models with more than two eigenvalues  have a l s o  been 

(On t h e  o t h e r  

t e n t a t i v e l y  suggested by Weekes and Wi lkes . )  

The eigenvalues  h may also be given a p h y s i c a l  i n t e r p r e t a t i o n .  
1 , m  

The free o s c i l l a t i o n s  o f  a uniform ocean are governed by a d i f f e r e n t i a l  equat ion 

f o r  t h e  p e r t u r b a t i o n  i n  t h e  s u r f a c e  e l e v a t i o n  t h a t  only d i f f e r s  from 

equa t ion  (1) i n  t h a t  h is rep laced  by t h e  dep th  of t h e  ocean. The 

e igenva lues  o f  t h e  equat ion,  f o r  a given p e r i o d  of o s c i l l a t i o n ,  r e p r e s e n t  

t h o s e  ( r e s o n a n t )  depths  o f  t h e  ocean f o r  which free o s c i l l a t i o n  of t h a t  

p e r i o d  are poss ib l e .  There is a double i n f i n i t y  o f  such eigenvalues  h 
l , m  

(corresponding t o  t h e  number of l a t i t u d i n a l  and l o n g i t u d i n a l  nodes 1 and m 

o f  t h e  o s c i i i a t i o n d e a c h  of which is uniy a f u n c t i o n  of the pei-aiod. These 

e igenva lues ,  which have been computed by Hough (1897, 18981, no t  only 

r e p r e s e n t  t h e  resonant  depths  of a uniform ocean but  a l s o  t h e  r e sonan t  

"equ iva len t  depths" o f  a h o r i z o n t a l l y  uniform atmosphere. For t h e  (2.2) 

mode (1 = 2 ,  m = 2 )  which resembles t h e  observed semidiurnal  p re s su re  

f l u c t u a t i o n s  o f  t h e  e a r t h ' s  atmosphere and for  a pe r iod  o f  h a l f  a s o l a r  

day, t h e  r e sonan t  depth is  7.9 km; f o r  h a l f  a l u n a r  day t h e  resonant  depth is 

7.1 km. I t  should be s t r e s s e d  t h a t  t h e s e  v a l u e s  apply e q u a l l y  t o  an ocean 

o f  uniform depth and t o  t h e  atmosphere and do n o t  depend on t h e  v e r t i c a l  

atmospheric s t r u c t u r e  as long as it does no t  va ry  wi th  geographical  p o s i t i o n .  

3.4 The Resonance Theory of T i d a l  O s c i l l a t i o n s  

Resonant e x c i t a t i o n  of t h e  atmosphere by t h e  semidiurnal  s o l a r  t i d a l  

f o r c e s  could take p l a c e  if  one of t h e  eigenvalues  h 

t h e  equ iva len t  depths  o f  t h e  atmosphere) were c l o s e  t o  7.9 km; such a 

of e q u a t i o n , ( 4 )  (one of 
n 

resonance could e x p l a i n  t h e  r e l a t i v e l y  l a r g e  f a c t o r  by which t h e  observed 

s o l a r  semidiurnal  p r e s s u r e  f l u c t u a t i o n s  exceed both t h e  g r a v i t a t i o n a l  

e q u i l i b r i u m  t i d e  and t h e  observed l u n a r  s emid iu rna l  p r e s s u r e  f l u c t u a t i o n s  
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wi thou t  invoking thermal  e x c i t a t i o n .  

of such a resonant  e x c i t a t i o n  o f  t h e  s o l a r  t i d e s  i n  t h e  (2 ,2 )  mode. 

po in t ed  out  t h a t  t h e  resonant  pe r iod  would have t o  be wi th in  a few minutes of 

1 2  solar hours t o  o b t a i n  a s u f f i c i e n t l y  g r e a t  a m p l i f i c a t i o n  of t h e  s o l a r  

t i d e s  ove r  equ i l ib r ium t i d e s  and over  t h e  l u n a r  t i d e s ,  assuming g r a v i t a t i o n a l  

e x c i t a t i o n  alone. I t  seems d i f f i c u l t  t o  b e l i e v e  t h a t  such a c c u r a t e  tun ing  

i s  permanently maintained. Taylor (1936) pointed ou t  ano the r  d i f f i c u l t y  i n  

connection with t h e  resonance theo ry ;  t h e  e q u i v a l e n t  depth of t h e  atmosphere 

could be c a l c u l a t e d  from t h e  measured v e l o c i t y  of propagat ion of very long  

i n t e r n a l  g r a v i t y  waves from t h e  Krakatoa explosion,  s i n c e  t h i s  v e l o c i t y  must 

be e q u a l  to(jbW)', as mentioned i n  t h e  previous s e c t i o n .  An equ iva len t  depth 

o f  j lst over  10 km is  ob ta ined  i n  t h i s  manner, which is very much g r e a t e r  

t han  t h e  r e q u i r e d  7.9 km. 

Lamb (1910) po in t ed  ou t  t h e  p o s s i b i l i t y  

He a l s o  

I 

Taylor  i n d i c a t e d ,  however, a p o s s i b l e  way o u t  of t h i s  d i f f i c u l t y ;  t h e  

atmosphere may have more than  one equ iva len t  depth and on ly  one of t h e s e  is  

o b t a i n e d  from t h e  first a r r i v a l  of waves from explosions.  Th i s  i d e a  was 

i n v e s t i g a t e d  i n  g r e a t e r  d e t a i l  by Peke r i s  (1937, 1939) and by Weekes and 

Wi lkes  (1947). 

Weekes and Wilkes; t h e  1962 U. S. Standard Atmosphere i s  shown f o r  comparison. 

Weekes and Wilkes  (1947) showed t h a t  t h e  resonant  depths  of 10.4 km and 7.9 

km are ob ta ined  f o r  t h e i r  model atmosphere. The first va lue  could e x p l a i n  t h e  

o b s e r v a t i o n s  of wave propagat ion from t h e  Krakatoa explosion;  t h e  second va lue  

could account f o r  t h e  r e sonan t  a m p l i f i c a t i o n  of t h e  s o l a r  t i d e .  Weekes and 

Wi lkes  have shown t h a t  t h e  e x a c t  value o f  t h i s  second equ iva len t  he igh t  and 

t h e  sharpness  of t h e  resonance a s s o c i a t e d  with it depend ve ry  s e n s i t i v e l y  

on t h e  assumed atmospheric model. (The damping of t h e  resonance i s  introduced 

by t h e  assumption of an i n s u f f i c i e n t l y  t h i c k  and t h e r e f o r e  imperfect  

mesospheric b a r r i e r  and an i so the rma l  t o p  above i t ,  which a l lows  t h e  waves t o  

escape t o  i n f i n i t y .  ) 

Figure 2 shows t h e  temperature  d i s t r i b u t i o n  assumed by 
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A s  mentioned be fo re ,  it seems u n l i k e l y  t h a t  such an accura t e  t u n i n g  

of  t h e  atmosphere could be maintained a t  a l l  times. 

Kopal (1952) have shown t h a t  t h e  second equ iva len t  he ight  o f  t h e  atmosphere 

d i sappea r s  a l t o g e t h e r  if  a more real is t ic  atmospheric model based on t h e  

r e s u l t s  of rocke t  measurements ( e s s e n t i a l l y  similar t o  t h e  1962 U. S. 

Standard Atmosphere) is  assumed and t h a t  resonant  e x c i t a t i o n  by predominantly 

g r a v i t a t i o n a l  f o r c e s  cannot be invoked t o  exp la in  t h e  observed p res su re  f l u c t u a t i o n s .  

3.5 Thermal E x c i t a t i o n  o f  T ida l  O s c i l l a t i o n s  

Moreover, J acch ia  and 

Thermal e x c i t a t i o n  o f  t h e  s o l a r  semidiurna l  t i d a l  o s c i l l a t i o n s  has  been 

considered by S i e b e r t  (1957, 1961) and Small and B u t l e r  (1961, 1963) . The 

thermal  processes  u s u a l l y  considered a r e  t u r b u l e n t  mass exchange or  eddy 

CGiidLiCtiVity in t h e  lower atmosphere arid hea t ing  processes  aris ing  out of 

abso rp t ion  by atmospheric gases  of  t h e  r a d i a t i o n  from t h e  sun and t h e  e a r t h .  

The absorp t ion  of s o l a r  r a d i a t i o n  by atmospheric gases  could provide a l a r g e  

semid iu rna l  component of t h e  t i d a l  e x c i t a t i o n ,  a l though n o t  q u i t e  as l a r g e  

a s  t h e  d i u r n a l  component. 

S i e b e r t  (1957) shows t h a t  t h e  abso rp t ion  o f  s o l a r  r a d i a t i o n  by water  

vapor is 1 0  t imes  more e f f e c t i v e  than eddy conduc t iv i ty  i n  e x c i t i n g  semi- 

d i u r n a l  p re s su re  o s c i l l a t i o n s  and could account f o r  a s u b s t a n t i a l  f r a c t i o n  of  

t h e  observed amplitudes.  

t empera ture  p r o f i l e  than  S i e b e r t ,  c a l c u l a t e d  t h e  c o n t r i b u t i o n  t o  t h e  s o l a r  

semidiurna l  o s c i l l a t i o n  a t  ground l e v e l  a r i s i n g  out  of t h e  d i r e c t  abso rp t ion  

of i n s o l a t i o n  by ozone and found t h a t  it was g r e a t e r  than  a l l  o t h e r  p rev ious ly  

cons idered  con t r ibu t ions .  

them f o r  e x c i t a t i o n  by t h e  absorp t ion  of i n s o l a t i o n  by ozone t o g e t h e r  with 

S i e b e r t ' s  r e s u l t  f o r  absorp t ion  by water vapor,  can adequate ly  account f o r  

80 p e r  c e n t  of t h e  s o l a r  semidiurnal  p re s su re  ampli tude observed on t h e  

ground. Small and B u t l e r  f u r t h e r  po in t  ou t  t h a t  t h e  absorp t ion  of i n s o l a t i o n  

by ozone cannot account f o r  t h e  observed s o l a r  d i u r n a l  p r e s s u r e  f l u c t u a t i o n s .  

. .  

Small  and B u t l e r  (19611, us ing  a more r e a l i s t i c  

S m a l l  and B u t l e r  c la im t h a t  t h e  r e s u l t  ob ta ined  by 
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The reason  f o r  t h i s  is t h e  small resonant  depth of 0.63 km ( t h e  eigenvalue 

of equat ion  1 appropr i a t e  f o r  t h e  d i u r n a l  o s c i l l a t i o n s )  and t h e  r e s u l t i n g  
hll 

small v e r t i c a l  "wave length"  (determined by equat ion  4 )  of  t h e  o s c i l l a t i o n s ;  

s i n c e  t h e  e x c i t a t i o n  by t h e  absorp t ion  of i n s o l a t i o n  by ozone occurs  ove r  a 

l a r g e  he igh t  range ,  t h e  e x c i t e d  waves do not  add i n  phase but  r a t h e r  t end  

t o  n e a r l y  cancel. 

e x c i t e d  by some o t h e r  form of  hea t ing  t h a t  occurs  over  a narrower he igh t  

range. 

Presumably t h e  observed d i u r n a l  p re s su re  f l u c t u a t i o n s  are 

The v a r i a t i o n  of t h e  amplitude and phase o f  t h e  semidiurna l  p re s su re  

f l u c t u a t i o n s  wi th  he igh t  obtained from t h e  c a l c u l a t i o n  of Weekes and Wilkes 

(1947) and of Small and B u t l e r  (1963) are shown by Figures  3a and 3b. 

Comparison with Figure 2 shows that the o s c i l l a t i o n  ampiitude prows r a p i d i y  

with inc reas ing  he igh t  i n  t h e  r eg ions  where t h e  temperature  is high and t h e  

temperature  g rad ien t  i s  not  nega t ive  (where"wave propagat ionl ' i s  p o s s i b l e )  

bu t  t h a t  t h e  amplitude grows very  slowly with he ight  i n  t h o s e  r eg ions  where 

t h e  temperature  is low and where t h e  temperature  g rad ien t  is nega t ive ;  t h i s  

type  of behavior  would be expected from equat ion  (4 ) .  

t h e  curves  r e s u l t i n g  from t h e  two t h e o r i e s  is remarkable i n  view of t h e  

r a d i c a l l y  d i f f e r e n t  n a t u r e  of  t h e  assumptions: 

by g r a v i t a t i o n a l  t i d a l  f o r c e s  on t h e  one hand and a non-resonant atmosphere 

e x c i t e d  by t h e  absorp t ion  of s o l a r  r a d i a t i o n  on t h e  o t h e r  hand. The r a t h e r  

l a r g e  inc rease  i n  r e l a t i v e  p re s su re  amplitude p/p 

with he igh t  r e s u l t s  i n  t i d a l  o s c i l l a t i o n  v e l o c i t i e s  which are about two o r d e r s  

of  magnitude 

ground. Figure 3a a l s o  shows t h a t  a t  h e i g h t s  much g r e a t e r  than  100 km 

l i n e a r  t heo ry  must break down s i n c e  t h e  p red ic t ed  p res su re  p e r t u r b a t i o n s  become 

comparable with t h e  s t a t i c  pressure .  

The s i m i l a r i t y  of 

a resonant  atmosphere e x c i t e d  

and t h e r e f o r e  i n  v e l o c i t y  
0 

g r e a t e r  a t  ionospher ic  h e i g h t s  ( a t ,  say ,  100 km) than on t h e  
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I t  should be s t r e s s e d  t h a t  t h e  inc rease  i n  t h e  v e l o c i t y  o f  o s c i l l a t i o n  

wi th  he igh t  i s  n o t  a resonant  e f f e c t  bu t  a n a t u r a l  p rope r ty  of  i n t e r n a l  

g r a v i t y  waves. 

r e g i o n s  of evanescence. 

t h e  d e n s i t y  a t  sea l e v e l ,  and t h e r e f o r e  t h e  v e l o c i t y  o f  o s c i l l a t i o n  i n  an 

i so thermal  atmosphere would be expected t o  be more than  a 1000 times g r e a t e r  

a t  a he igh t  of  100 km than  a t  sea l e v e l .  I t  should also be noted t h a t  a 

n u l l  and a phase r e v e r s a l  o f  t h e  semidiurnal  p re s su re  f l u c t u a t i o n s  a t  a 

he igh t  of  about 30 km is  p red ic t ed  by both t h e o r i e s .  

3.6 Comparison with Observat ions 

The inc rease  would be much g r e a t e r  i f  it were n o t  f o r  t h e  

The d e n s i t y  a t  100  km is less  than a m i l l i o n t h  o f  

The p r e d i c t i o n s  o f  t h e  theo ry  f o r  semidiurna l  wind v e l o c i t i e s  and 

t h e i r  va r i a t io i i  u i t h  height i:: t h e  80 - 100 km height rep;ion of t h e  ionosphere,  

have been compared with t h e  measured v e l o c i t i e s  of  d r i f t i n g  meteor t r a i l s  

(Greenhow and Neufeld 1956).  Reasonable agreement is  ob ta ined ,  if yea r ly  

averages of  t h e  experimental  d a t a  are considered.  There is ,however,  a very  

l a r g e  seasona l  v a r i a t i o n  i n  t h e  observed d a t a  which i s  n o t  expla ined  by t h e  

theory .  

and t h e i r  r e l a t i o n  t o  t h e  theo ry  

on upper  atmospheric motions by Hines (1963a),who p o i n t s  o u t  t h a t  semidiurna l  

modes wi th  smaller resonant  dep ths  than t h e  dominant (2,2 1 mode, whose 

ampli tude is r e l a t i v e l y  weak but  measurable a t  sea l e v e l ,  may be less a t t enua ted  

i n  t h e  evanescent r eg ions  of  t h e  atmosphere and may t h e r e f o r e  p l ay  a dominant 

p a r t  a t  ionospher ic  l e v e l s .  The predominance of  t h e  d i u r n a l  over  t h e  semi- 

d i u r n a l  v a r i a t i o n s  i n  some of t h e  W i t t i n g  meteor t r a i l  observa t ions  may 

s i m i l a r l y  be due t o  a smaller a t t enua t ion  of t h e  d i u r n a l  mode whose 

resonant  depth i s  less than  1 km. 

A more d e t a i l e d  d i scuss ion  of t h e  d r i f t i n g  meteor t r a i l  observa t ions  

msy be found i n  an e x c e l l e n t  review paper  

Less d i r e c t  i n d i c a t i o n s  of upper atmospheric winds a t  ionospher ic  h e i g h t s  

are ob ta ined  from t h e  observa t ion  of d r i f t i n g  d i f f r a c t i o n  p a t t e r n s ,  a s s o c i a t e d  

wi th  t h e  fad ing  of r a d i o  waves, w i t h  t h r e e  c l o s e l y  spaced r e c e i v e r s .  
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(Br iggs  and Spencer 1954, Br icgs  1960). 

is  d i f f i c u l t  because t h e  i r r e g u l a r i t i e s  i n  i o n i z a t i o n  gene ra l ly  do not  move 

wi th  t h e  mean v e l o c i t y  of t h e  neu t r a l  p a r t i c l e s  (Clemmow, Johnson and Weekes 

1 9 5 5 ) .  

The i n t e r p r e t a t i o n  of  such obse rva t ions  

An even less d i r e c t  i n d i c a t i o n  of upper a tmospheric  winds i s  t h e  presence 

of l u n a r  semidiurna l  v a r i a t i o n s  i n  the  ionospher ic  l a y e r s  (Martyn 19501, 

r evea led  by ionosonde da ta .  

Fu r the r  d i scuss ion  of  t hese  i n d i r e c t  i n d i c a t i o n s  of motions (wi th  more 

r e f e r e n c e s )  w i l l  be found i n  t h e  review by Hines (1963a).  

3.7 Discussion 

A t  t h e  p re sen t  s t a g e  of  i t s  development, t h e  dynamical t heo ry  of t iciai  

a tmospheric  o s c i l l a t i o n s  appears  t o  provide a reasonably good explana t ion  

of  t h e  semidiurna l  p re s su re  f l u c t u a t i o n s  observed on t h e  gound. 

f l u c t u a t i o n s  are o f  p u r e l y  g r a v i t a t i o n a l  o r i g i n ;  Small  and B u t l e r ' s  

c a l c u l a t i o n s  r e s u l t  i n  an ampl i f i ca t ion  of 2.5  over  t h e  equi l ibr ium t i d e s ,  i n  

good agreement with t h e  observa t ions .  

observed on t h e  gound are apparent ly  due t o  e x c i t a t i o n  by t h e  absorp t ion  

of solar r a d i a t i o n  by water  vapor and by ozone, and only a very smal l  f r a c t i o n  

of them i s  due t o  e r a v i t a t i o n i d  fo rces .  The s o l a r  d i u r n a l  p re s su re  f l u c t u a t i o n s  

observed on t h e  ground a r e  less wel l  expla ined  and t h e r e  are even more paps 

both i n  our  knowledpe of t i d a l  atmospheric o s c i l l a t i o n s  a t  ionospher ic  h e i p h t s  

and i n  t h e i r  t h e o r e t i c a l  explana t ion ,  This  i s  unfo r tuna te  since only those  

o s c i l l a t i o n s  of t h e  atmosphere t h a t  occur  a t  ionospher ic  he igh t s  can produce 

t h e  magnetic e f f e c t s  which are t h e  sub jec t  of  t h e  p re sen t  review. 

4. The Dynamo Theory 

4.1 The Conduc t iv i t i e s  

The l u n a r  

The s o l a r  semidiurna l  f l u c t u a t i o n s  

When t h e  o s c i l l a t i o n s  of t h e  upper atmosphere extend t o  ionospher ic  

h e i g h t s ,  t hey  involve t h e  motion of charged as w e l l  as of n e u t r a l  p a r t i c l e s .  



- 20 - 

I n  t h e  presence of  t h e  geomagnetic f i e l d ,  t h e  mean v e l o c i t i e s  o f  t h e  n e u t r a l ,  

t h e  p o s i t i v e l y  charged and t h e  nega t ive ly  charged p a r t i c l e s  are gene ra l ly  

n o t  t h e  same and ionospher ic  c u r r e n t s  r e s u l t .  In  a q u a l i t a t i v e  manner, t h e s e  

c u r r e n t s  may be s a i d  t o  be induced by t h e  motion of conduct ing a i r  a c r o s s  

t h e  geomagnetic f i e l d  j u s t  as t h e  cu r ren t  i n  t h e  winding of a dynamo is induced 

by t h e  motion of a conductor i n  a magnetic f i e l d .  This  analogy cannot ,  

however, be pursued t o o  f a r  because i n  t h e  presence of  a magnetic f i e l d ,  t h e  

conduc t iv i ty  of a p a r t i a l l y  ion ized  gas  i s  n o t  i s o t r o p i c .  

de r ive6  by Cowling (1932) between t h e  t o t a l  e lec t r ic  f i e l d  and t h e  c u r r e n t  

dens i ty$  are most e a s i l y  expressed i n  terms of components 

t o  t h e  geomagnetic induct ion  

The r e l a t i o n s  

and p a r a l l e l  -4 

ana vec to r  components 6 a n d L n o r m a 1  t o  . 

The va r ious  c o n d u c t i v i t i e s q  ( ' l ong i tud ina l '  1 ,q ( 'Pedersen'  1 a n d q  ( ' H a l l '  ) 

are given by t h e  expres s ions  (der ived  i n  Chapman and Bartels, 1940, pp. 531-535). 

where N is t h e  number d e n s i t y  of  

t h e i r  charee , i3 ;=eBo/ml ,~=e~~~re  

f r e e  e l e c t r o n s ,  e is t h e  abso lu te  va lue  of 

t h e  gyrofrequencies  ( m  m are t h e  masses) i' e 

and di, de are t h e  c o l l i s i o n  f requencies  (wi th  n e u t r a l  p a r t i c l e s )  o f  i o n s  and 

e l e c t r o n s .  Figure 4 shows t h e  q u a n t i t i e s  qBo/Me2 %</Ne and qBo /h/e , 
which are p ropor t iona l  t o  t h e  c o n d u c t i v i t i e s  pe r  u n i t  e l e c t r o n  d e n s i t y , a s  

f u n c t i o n s  of t h e  h e i g h t ,  f o r  r e p r e s e n t a t i v e  va lues  of t h e  c o l l i s i o n  f r equenc ie s  
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and gyrofrequencies  a t  a moderate l a t i t u d e  . 
Figure 4 shows t h a t  i n  t h e  F reg ion ,  w e l l  above 160 km, % i s  extremely 

l a r g e  whereas and are very  small ; t h e  i n e q u a l i t y  q w  gi'77 is 

s a t i s f i e d .  The Hall c o n d u c t i v i t y 5  is much l a r g e r  than  t h e  Pedersen 

c o n d u c t i v i t y c  i n  t h e  90 - 130 km reg ion  a l t h o u g h 4  i s  st i l l  l a r g e r  than  e i t h e r  

0;: o r  

l a r g e r  t h a n q ;  t h e  magnetic f i e l d  here  h a s  l i t t l e  effect and t h e  ionospher ic  

conduc t iv i ty  is i s o t r o p i c  and very  small. 

ionospher ic  conduc t iv i ty  w i l l  be found i n  a review by Chapman (1956).  

. A t  very  low h e i g h t s ,  below 70 k m , q - p d  t h e y  are both much 

A more d e t a i l e d  d i scuss ion  of 

The t o t a l  e lec t r ic  f i e l d  E c o n s i s t s  of two d i s t i n c t  p a r t s .  One of 

t h e s e  is  due t o  t h e  motion of t h e  atmosphere 

must then  be app l i ed  i n  a system moving wi th  t h e  atmosphere ana i n  t h i s  

system an ( induced)  e lec t r ic  f i e l d  ti= $ABo must be added t o  t h e  "po la r i za t ion"  

e lectr ic  f i e l d  

an accumulation of  p o l a r i z a t i o n  charges.  

wi th  a v e l o c i t y $  ; equat ions  ( 9 )  

- 

t h a t  i s  seen from a s t a t i o n a r y  system and t h a t  r e s u l t s  from 4 
The e lec t r ic  f i e l d  & is o f t e n  c a l l e d  

t h e  dynamo e lec t r ic  f i e l d .  

I n  t h e  F reg ion  and above t h e  c u r r e n t  is s t r o n g l y  i n h i b i t e d  from 

f lowing a c r o s s  a f i e l d  l i n e s  by t h e  low va lues  o f q a n d  %and t h e r e f o r e  

t h e  s t eady  s t a t e  c u r r e n t  c a r r i e d  along a tube  o f  f o r c e  must be independent 

o f  p o s i t i o n .  If symmetry about t h e  geomagnetic equa to r  is assumed, both 

of  t h e  wind system and of  t h e  conduc t iv i ty ,  then  no  c u r r e n t s  flow along t h e  

tubes  o f  f o r c e  i n  t h e  F reg ion  and above. The c u r r e n t s  then  f low i n  a 

r e l a t i v e l y  t h i n  s p h e r i c a l  s h e l l  and t h e  v e r t i c a l  c u r r e n t  d e n s i t y  t h e r e f o r e  

vanishes  approximately a t  a l l  he igh t s .  The equat ion  t h a t  expresses  t h e  

vanishing of t h e  v e r t i c a l  component of t h e  c u r r e n t  d e n s i t y  can be used t o  

e l i m i n a t e  t h e  v e r t i c a l  component of t h e  t o t a l  e l e c t r i c  f i e l d  from t h e  

components of t h e  v e c t o r  equat ion  (91, w r i t t e n  i n  a coord ina te  system 

whose x, y ,  z axes  p o i n t  t o  t h e  south ,  t h e  e a s t  and t h e  z e n i t h  r e s p e c t i v e l y .  
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The equat ions  : 

are obta ined  i n  t h i s  manner, where t h e  c o n d u c t i v i t i e s  O&, 

func t ions  o f c  , 0;I , q, and t h e  angle  of i n c l i n a t i o n  I ;  they  are given 

by t h e  equat ions :  

, are 

The he ight  i n t e g r a t e d  c o n d u c t i v i t i e s  ,J 2, S G,, Z and JqyJz p lay  an 
J 

important  p a r t  i n  t h e  dynamo theory and are shown by Figure 5 as f u n c t i o n s  

of t h e  l a t i t u d e ,  f o r  t y p i c a l  midday cond i t ions .  

predominates ove r  most p a r t s  of t h e  e a r t h  bu t  t h a t  a t  t h e  magnetic d i p  

equa to r  JE & vanishes  and t h e  he ight  i n t e g r a t e d  c o n d u c t i v i t i e s  $4;; d ! ,  
J q d Z  assume very  l a r g e  va lues .  These l a r g e  v a l u e s  are be l ieved  t o  be 

t h e  cause of t h e  observed very  high va lues  of t h e  m a g n e t i c s 2  and L v a r i a t i o n s  

n e a r  t h e  magnetic d i p  equator .  

4.2 

Figure 5 shows t h a t  

Y 

D i f f e r e n t i a l  Equat ions of t h e  Dynamo Theory 

I t  i s  convenient  t o  write equat ions  (13)  and ( 1 4 )  i n  t h e  two 

dimensional v e c t o r  form 
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where qh , Lh , & h ,  ($A?)! are t h e  h o r i z o n t a l  components of t h e  c u r r e n t  

d e n s i t y 4  t h e  t o t a l  e l ec t r i c  f i e l d c  , t h e  p o l a r i z a t i o n  e lectr ic  f i e l d  G a n d  

t h e  induced e lec t r ic  f i e l d  E; = &xB r e s p e c t i v e l y .  Over t h e  he igh t  r eg ion  

90-160 km, where most of t h e  c u r r e n t s  flow, t h e  p o t e n t i a l  d i f f e r e n c e s  due 

- N O  

t o  v e r t i c a l  e lec t r ic  f i e l d s  are small compared t o  t h e  p o t e n t i a l  d i f f e r e n c e s  

t h a t  e x i s t  i n  h o r i z o n t a l  d i r e c t i o n s  ove r  d i s t a n c e s  o f  thousands of 

k i lome te r s .  I t  i s  t h e r e f o r e  reasonable  t o  assume that-E i s  independent 

of t h e  he igh t  and may be expressed as t h e  g r a d i e n t  of a two dimensional 

p o t e n t i a l  f u n c t i o n  

Ph 

on t h e  cu r ren t  c a r r y i n g  ionosphe r i c  s h e l l .  

I n  t h e  q u a s i - s t a t i o n a r y  s t a t e  t h e  (two dimensional)  divergence of 

t h e  h e i g h t  i n t e g r a t e d  c u r r e n t  d e n s i t y  d i v  ( d2 must vanish i f  t h e  

very small c u r r e n t s ,  r e q u i r e d  t o  b u i l d  up t h e  p o l a r i z a t i o n  charges,  are 

neglected.  With t h e  a i d  of equat ion (20 )  t h i s  c o n d i t i o n  l e a d s  t o :  

Equation ( 2 1 )  i s  a p a r t i a l  d i f f e r e n t i a l  eq4a t ion  f o r  t/, as a f u n c t i o n  of 

l a t i t u d e  and l o c a l  t i m e .  If t h e  c o n d u c t i v i t i e s  and wind v e l o c i t i e s  are 

known, then  equat ion ( 2 1 )  may be solved f o r  'y, by numerical  methods. 

The d i f f e r e n t i a l  equa t ion  has  been f u r t h e r  s i m p l i f i e d  by some a u t h o r s  

( F e j e r ,  1953, Lucas, 1954) who neglected t h e  d i u r n a l  v a r i a t i o n  o f  e l e c t r o n  

d e n s i t y  and assumed t h a t g  is a func t ion  of t h e  l a t i t u d e  and t h e  he igh t  only.  

After a s e p a r a t i o n  of v a r i a b l e s  equat ion ( 2 1 9  t hen  becomes an o rd ina ry  

d i f f e r e n t i a l  equa t ion ,  with t h e  l a t i t u d e  as t h e  independent v a r i a b l e .  

The f u r t h e r  assumption was made by t h e  above a u t h o r s  t h a t  t h e  wind v e l o c i t y  

i s  independent of he igh t  and is  p r o p o r t i o n a l  t o  t h e  wind v e l o c i t y  system 

de r ived  from t h e  dominant (2 ,2 )  mode of semidiurnal  p r e s s u r e  f l u c t u a t i o n s  

observed on t h e  ground, 

J e r ived  from them by Bartels (1928) a r e  shown by Figure 6 ,  

These p re s su re  f l u c t u a t i o n s  and t h e  v e l o c i t i e s  

The f a c t o r  of 
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p r o p o r t i o n a l i t y  was regarded as an unknown cons tan t  whose va lue  was so ad jus t ed  

t h a t  t h e  s t r e n g t h  of t h e  computed cu r ren t  system became comparable t o  t h e  

semidiurna l  p a r t  of t h e  daytime cu r ren t  sysrem der ived  from t h e  observed 

5 f m a g n e t i c  v a r i a t i o n s  and shown by Figure 7a. A f a c t o r  of 60 is  ob ta ined  

i n  t h i s  manner. The r a t i o  between t h e  semidiurna l  wind v e l o c i t i e s  observed 

i n  t h e  ionosphere (Greenhow and Neufeld 1955, 1956, Briggs and Spencer 1954, 

Br iggs  1960, Hines 1963a)and t h e  v e l o c i t i e s  o f  Figure 6 

from t h i s  f a c t o r .  

is n o t  very  d i f f e r e n t  

H .  Maeda (1955) used a r a t h e r  d i f f e r e n t  approach i n  which t h e  d i u r n a l  

v a r i a t i o n  of t h e  conduc t iv i ty  was taken i n t o  account.  

c u r r e n t  system der ived  from t h e  observed Sq v a r i a t i o n s  and t h e  conduc t iv i ty  

(known from ionosonde obse rva t ions )  as given and t h e  wind v e l o c i t i e s  as 

unknown. H e  assumed t h a t  t h e  wind v e l o c i t i e s  a r e  independent of  t h e  he igh t  

and may be r ep resen ted  by a v e l o c i t y  p o t e n t i a l  and solved equat ion  (20 )  f o r  

t h e  unknown v e l o c i t y  p o t e n t i a l .  

which t h e  C o r i o l i s  f o r c e s ,  neg lec t ed  by Maeda, were taken  i n t o  account 

and a r r i v e d  a t  s imilar  r e s u l t s .  

t h e  wind system deduced by Kat0 are shown by Figure 8. 

compared t o  semidiurna l  component of  t h i s  wind system is of p a r t i c u l a r  

i n t e r e s t  and shows t h a t  t h e  l a r g e  d i u r n a l  component o f  t h e  observed Sq 

magnetic v a r i a t i o n s  cannot be explained by t h e  d i u r n a l  v a r i a t i o n  of  conduc t iv i ty  

a l o n e .  

are prominent ly  d i u r n a l  and n o t  semidiurnal .  

H e  regarded t h e  

Kat0 (1956) has  c a r r i e d  o u t  a similar a n a l y s i s  i n  

The d i u r n a l  and semidiurna l  components o f  

The l a r g e  d i u r n a l ,  as 

Kato's  work sugges t s  t h a t  t h e  winds r e spons ib l e  f o r  t h e  dynamo c u r r e n t s  

This  suggest ion appears  t o  be supported by o t h e r  evidence. Although 

t h e  semidiurna l  component of t h e  wind v e l o c i t i e s  der ived  from meteor 

obse rva t ions  by r a d a r  a t  J o d r e l l  Bank, England (Greenhow and Neufeld,  1956) 

i s  much l a r g e r  t han  t h e  d i u r n a l  component, it i s  significant (Br iggs ,  1960) 

t h a t  t h e r e  is  no l a r g e  seasonal  v a r i a t i o n  i n  t h e  amplitude and phase of t h e  
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observed Sq magnetic v a r i a t i o n s  i n s p i t e  of t h e  presence of such v a r i a t i o n s  i n  

t h e  semia iu rna l  component of t h e  observed wind v e l o c i t y .  

s i g n i f i c a n t  t h a t  t h e  d i u r n a l  component o f  t h e  wind v e l o c i t y  was found t o  

be l a r g e r  t han  t h e  semidiurnal  component i n  Aus t r a l i an  meteor obse rva t ions  

( E l f o r d  and Robertson, 1953). Nevertheless  some r e s e r v a t i o n s  must be made 

about t h e  v a l i d i t y  of Maeda's and Kato's methods of d e r i v a t i o n  o f  t h e i r  

atmospheric wind systems. 

independent of t h e  he igh t  i s  u n r e a l i s t i c .  

assumption is  made by e l i m i n a t i n g  t h e  s t eady  component from t h e  magnetic 

v a r i a t i o n  da ta .  A s t e a d y  component may w e l l  be p re sen t  i n  t h e  a c t u a l  

i onosphe r i c  c u r r e n t  system, generated by p e r i o d i c  a i r  motions, on account 

of t h e  d i u r n a l  v a r i a t i o n  of conduc t iv i ty .  As Risbeth p o i n t s  o u t  ( p r i v a t e  

communication) t h i s  a r b i t r a r y  assumption may l e a d  t o  t h e  i n t r o d u c t i o n  of 

a spur ious  d i u r n a l  component i n t o  t h e  c a l c u l a t e d  wind system. 

4.3 Discussion. Motions i n  t h e  Magnetosphere 

I t  i s  a l s o  

F i r s t  of a l l ,  t h e  assumption of a wind v e l o c i t y  

Yet ano the r  a r b i t r a r y  t ac i t  

I n  s p i t e  of i t s  s u c c e s s f u l  rough exp lana t ion  of t h e  observed Sq 

magnetic v a r i a t i o n s  i n  terms o f  t i d a l  o s c i l l a t i o n s  o f  t h e  atmosphere no 

a c c u r a t e  and rea l i s t ic  formulat ion of t h e  dynamo theo ry  e x i s t s  a t  p re sen t .  

This  is n o t  r e a l l y  s u r p r i s i n g  s i n c e  ou r  experimental  and t h e o r e t i c a l  knowledge 

of t i d a l  o s c i l l a t i o n s  a t  ionospheric  he igh t  is s t i l l  i n s u f f i c i e n t .  F u r t h e r  

experimental  and t h e o r e t i c a l  work w i l l  have t o  f i l l  i n  t h e  gaps i n  ou r  

p r e s e n t  knowledge. I t  should be s t r e s s e d  he re  t h a t  an independent t h e o r e t i c a l  

t r ea tmen t  of t h e  t i d a l  o s c i l l a t i o n s  and of t h e  dynamo theo ry  n e g l e c t s  t h e  

reaction o f  t h e  motions of t h e  charged p a r t i c l e s  of t h e  atmosphere on t h e  

motion o f  t h e  n e u t r a l  p a r t i c l e s .  Hines (1963z )po in t s  o u t  t h a t  t h i s  r e a c t i o n  

may be ve ry  s i g n i f i c a n t  a t  l e v e l s  above 100 km and it is t o  be hoped t h a t  

f u t u r e  t h e o r e t i c a l  work w i l l  take it i n t o  cons ide ra t ion .  Another effect ,  
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t h a t  has  been neg lec t ed  i n  previous fo rmula t ions  of t h e  dynamo t h e o r y ,  i s  

t h e  d i s t o r t i o n  of t h e  Sq c u r r e n t  system by t h e  i n t e r a c t i o n  of t h e  p o l a r i z a t i o n  

e lectr ic  f i e l d  with e n e r g e t i c  t rapped protons.  This  d i s t o r t i o n ,  which i s  

expected t o  be g r e a t e s t  i n  t h e  a u r o r a l  r eg ion ,  is discussed i n  Sec t ion  5. 

An i n d i r e c t  consequence of t h e  dynamo theo ry  should be s t r e s s e d  here.  

I t  has  a l r e a d y  been po in ted  ou t  t h a t  t h e  magnetic l i n e s  of force are very 

n e s l y  l i n e s  of equa l  p o t e n t i a l .  

i onosphe r i c  s h e l l  is  t h e r e f o r e  c a r r i e d  i n t o  t h e  magnetosphere by t h e  l i n e s  of 

f o r c e .  

The p o l a r i z a t i o n  p o t e n t i a l  y o n  t h e  

The r e s u l t i n g  e lectr ic  f i e l d  2 i s  pe rpend icu la r  t o  t h e  magnetic induct ion 

a t  a l l  p o i n t s  of t h e  magnetosphere and l e a d s  t o  a d r i f t  of t h e  magnetospheric 

The v e l o c i t y  component perpendicular  t o  t h e  magnetic f i e l d  of t h i s  plasma. 

d r i f t  is ,E x & /Bf . In  t h e s e  magnetospheric plasma motions any ion ized  

matter which a t  one t i m e  occupies  a t ube  of f o r c e ,  con t inues  a t  a l l  l a t e r  

times t o  occupy a tube  of f o r c e  of equa l  f l u x  content .  

f i e l d  remains almost u n a l t e r e d  by t h e  motions, 

from below t h e r e f o r e  n o t  on ly  cause c u r r e n t s  t o  flow i n  t h e  ionosphere,  

mainly i n  t h e  E r eg ion ,  b u t  a l s o  gene ra t e  plasma motions i n  t h e  magnetosphere, 

i nc lud ing  t h e  F region (Martyn 1947). 

5. 

5.1 

The e a r t h ' s  magnetic 

The t i d a l  motions e x c i t e d  

Theories  of t h e  Daily nis turbance V a r i a t i o n s  

The Dst and t h e  Ds V a r i a t i o n s  

When t h e  s o l a r  d a i l y  magnetic v a r i a t i o n s  Sq, averaged f o r  t h e  f i v e  

I n t e r n a t i o n a l  Magnetically Q u i e t  Days of t h e  month are s u b t r a c t e d  f r o m  

t h e  d e v i a t i o n s  of t h e  f i e l d  observed a t  o t h e r  times, t h e  r e s u l t i n g  r e s i d u a l  

magnetic v a r i a t i o n s ,  D,  are c a l l e d  t h e  d i s tu rbance  v a r i a t i o n s .  These v a r i a t i o n s  

have a p e r i o d i c  component D s  whose pe r iod  is one s o l a r  day. Many d i f f e r e n t  

n o t a t i o n s  are used f o r  t h e s e  d i s tu rbance  d a i l y  v a r i a t i o n s ,  depending on t h e  

s t a t i s t i c a l  methods used f o r  t h e i r  d e r i v a t i o n ;  f o r  s i m p l i c i t y  on ly  t h e  

n o t a t i o n  D s  is used here.  I t  is usua l  t o  r e p r e s e n t  t h e  d a i l y  d i s t u r b a n s e  
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v a r i a t i o n s  D s  by a c u r r e n t  system t h a t  f lows i n  t h e  E reg ion  j u s t  as t h e  

Sq v a r i a t i o n s  were r ep resen ted  by t h e  cu r ren t  system i n  Figure 7. (Such 

a r e p r e s e n t a t i o n  does n o t  imply t h a t  t h e  c u r r e n t s  a c t u a l l y  f low i n  t h e  E 

region.  

p a r t  i n  t h e  product ion of both t h e  Sq and t h e  D s  v a r i a t i o n s ,  magnetospheric 

c u r r e n t s  are a l s o  thought  t o  be involved i n  both cases. I n  t h e  case of t h e  D s  

v a r i a t i o n s  t h e  presence of magnetospheric c u r r e n t s  is be l ieved  t o  be 

e s s e n t i a l . )  

v a r i a t i o n s  w i l l  be found i n  Geomagnetism (Chapman and Bartels, 1940)  and 

i n  reviews by Vest ine (1960) and by Chapman (1962).  

Although c u r r e n t s  i n  t h e  E reFion are be l ieved  t o  p l ay  a predominant 

A more d e t a i l e d  d e s c r i p t i o n  of t h e  d i f f e r e n t  Eeomapnetic 

Chapman (1935) deduced t h e  D s  v a r i a t i o n  from t h e  observed d i s tu rbance  

v a r i a t i o n  D f o r  40 magnetic s torms of  moderate i n t e n s i t y .  

of commencement of  each storm ( a t  least  t o  t h e  n e a r e s t  hour)  and then 

determined t h e  hour ly  mean va lue  of t h e  d i s tu rbance  D as a func t ion  of  

l a t i t u d e ,  l o c a l  time, and storm time (de f ined  as t h e  time measured from 

commencement). He then c a l c u l a t e d  t h e  average va lue  D s t  of  D over  t h e  24 

hours of l o c a l  time, f o r  a Riven storm t i m e ,  and c a l l e d  it t h e  storm-time 

v a r i a t i o n .  The d a i l y  d is turbance  v a r i a t i o n  D s  f o r  a given storm t i m e  was 

then obta ined  as a func t ion  of l o c a l  time a f t e r  t h e  s u b t r a c t i o n  o f  D s t  from 

t h e  mean va lue  of D, f o r  each value o f  t h e  storm time, 

He i d e n t i f i e d  t h e  t i m e  

I t  is then  found t h a t  

D s t  u s u a l l y  predominates a t  low l a t i t u d e s  and D s  predominates a t  high l a t i t u d e s ,  

e s p e c i a l l y  i n  t h e  a u r o r a l  zone. 

Figure 9 shows t h e  D s  c u r r e n t  system der ived  i n  t h i s  manner by Chapman 

I t  (1935)  f o r  t h e  maximum epoch of t h e  main phase ( t o  be def ined s h o r t l y ) .  

should be r e a l i z e d  t h a t  t h i s  i s  an i d e a l i z e d  average cu r ren t  system and t h a t  t h e  

in s t an taneous  c u r r e n t  system, der ived from simultaneous measurement taken  a t  

s t a t i o n s  d i s t r i b u t e d  over  t h e  p o l a r  r eg ions ,  is  extremely v a r i a b l e  and gene ra l ly  

fa r  more patchy than  t h a t  of Figure 9 (Fukushima 1959, F a i r f i e l d  1963) al though 
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a g e n e r a l  resemblance t o  t h e  D s  cu r ren t  system of Chapman usua l ly  p e r s i s t s .  

Figure 10 shows a f te r  Sugiura  and Chapman (1960) t h e  n s t  v a r i a t i o n  

and t h e  amplitude of  t h e  main Four ie r  component ( t h e  d i u r n a l  component) 

of t h e  D s  v a r i a t i o n  as a func t ion  of storm time fo r  t h e  first t h r e e  days 

o f  weak,  moderate and Ereat s torms,  f o r  a mean d i p o l e  l a t i t u d e  o f  30° 

( t h e  D s  amplitude is  a r b i t r a r i l y  p l o t t e d  as  a nega t ive  q u a n t i t y ,  f o r  ease of 

comparison with D s t ) .  

first t h r e e  hours  and then  becomes negat ive .  

u s u a l l y  c a l l e d  t h e  i n i t i a l  phase and is asc r ibed  (Chapman and Fe r ra ro  1931, 

1932) t o  t h e  increased  compression of t h e  e a r t h ' s  magnetic f i e l d  by charped 

p a r t i c l e s  emi t ted  by t h e  sun. 

is i n d i c a t e d  by a sudden change i n  t h e  magnetic f i e l d  ( a  sudden commencement), 

which occurs  almost s imultaneously (wi th in  less than  a minute) ove r  t h e  

wl-de e a r t h .  

an i n t e n s e  s o l a r  flare. I t  i s  t o  be noted t h a t  t h e r e  i s  a cont inuous emission 

d p a r t i c l e s  from t h e  sun ( t h e  s o l a r  wind); t h e  p a r t i c l e s  r e spons ib l e  f o r  

t h e  magnetic storm rep resen t  an a d d i t i o n a l  emission. 

I t  w i l l  be seen t h a t  D s t  i s  p o s i t i v e  f o r  about  t h e  

The p o s i t i v e  D s t  phase is 

Sometimes t h e  a r r i v a l  of t h i s  s o l a r  plasma 

The a r r i v a l  o f  t h e  s o l a r  plasma u s u a l l y  fo l lows  a day o r  two a f t e r  

The nega t ive  D s t  phase,  c a l l e d  t h e  main phase,  is  u s u a l l y  a sc r ibed  t o  

t h e  a d i a b a t i c  eastward d r i f t  of t rapped e n e r g e t i c  e l e c t r o n s  and t o  t h e  

westward d r i f t  of t rapped  e n e r g e t i c  pro tons  (S inge r  1957). 

and Chapman (1962) showed t h a t  t h e  a d i a b a t i c  d r i f t  of t rapped  pro tons  

observed by sa te l l i t es  dur ing  magnet ical ly  q u i e t  days (Davis  and Williamson, 

1962) reduces t h e  e a r t h ' s  magnetic f i e l d  by about 38) 'at  t h e  equator .  

Presumably a d d i t i o n a l  pro tons  become t rapped  du r inp  a geomagnetic storm and 

reduce t h e  e a r t h ' s  f i e l d  s t i l l  f u r t h e r  u n t i l  t hey  are removed by charge 

exchange wi th  n e u t r a l  hydrogen; t h i s  could exp la in  t h e  main phase and t h e  

recovery phase of magnetic storms. 

Akasofu, Cain, 
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The above s h o r t  d i scuss ion  shows t h a t  reasonably  good exp lana t ions  of 

t h e  D s t  v a r i a t i o n s  e x i s t  i n  terms of t h e  increased  i n i t i a l  compression of 

t h e  magnetosphere by an i n t e n s i f i e d  s o l a r  stream and i n  terms of a first 

g r a d u a l l y  i n c r e a s i n g  and then decaying r i n g  c u r r e n t  due t o  a d d i t i o n a l  

t r apped  pro tons ,  

i ng  t o  t h o s e  r e spons ib l e  f o r  t h e  D s t  v a r i a t i o n s  would be expected t o  f low 

In terms of t h e s e  exp lana t ions  r e s i d u a l  c u r r e n t s  correspond- 

even du r ing  geomagnet ical ly  q u i e t  days. S i m i l a r  p r e d i c t i o n s  are made by 

some of t h e  t h e o r i e s  of t h e  D s  c u r r e n t  system d i scussed  i n  t h e  next  section. 

Analysis  of q u i e t  day magnetic d a t a  appears  t o  show t h e  presence of two 

r e s i d u a l  c u r r e n t  systems similar t o  t h o s e  r e spons ib l e  f o r  t h e  D s t  

( P r i c e  1963) and D s  (Nagata and Kokubun, 1962) v a r i a t i o n s  r e s p e c t i v e l y ,  

5.2 Theories of t h e  Ds Curpent System 

Since both t h e  D s  and t h e  D s t  v a r i a t i o n s  t end  t o  be a s s o c i a t e d  wi th  

geomagnetic s torms,  t h e  ques t ion  may be asked whether i nc reased  compression 

of t h e  geomagnetic f i e l d  by t h e  solar stream and t h e  presence of a d d i t i o n a l  

t r apped  pro tons  could a l s o  p l ay  a r o l e  i n  t h e  exp lana t ion  of t h e  D s  v a r i a t i o n s .  

This  was n o t  t h e  tendency in  e a r l y  exp lana t ions  of t h e  D s  v a r i a t i o n s .  

A modified t i d a l  dynamo theo ry ,  i n  which an enhancement of ionospher ic  

conduc t iv i ty  i n  t h e  a u r o r a l  r eg ions  was assumed, has  been suggested by 

Obayashi and Jacobs (1957). 

shown t h a t  t h e  c u r r e n t  system r e s u l t i n g  from such an assumption does no t  

resemble t h e  D s  c u r r e n t  system and t h a t  a very  improbably atmospheric  

wind system has  t o  be assumed i n  t h e  a u r o r a l  zone t o  exp la in  t h e  observed 

Ds v a r i a t i o n s ,  

H. Maeda (1957) and Swif t  (1963a, 1963b) have 

I n  some of t h e  more r e c e n t  t h e o r i e s  of  t h e  D s  v a r i a t i o n s  t h e  t rapped  

p a r t i c l e s  of  t h e  " r a d i a t i o n  b e l t s "  p l ay  an i n c r e a s i n g l y  important  p a r t  

Chamberlain e t .  al. (1960) have suggested t h a t  t h e  a u r o r a l  e l e c t r o j e t s  

are caused by t h e  p r e c i p i t a t i o n  of p rev ious ly  t rapped  e n e r g e t i c  p a r t i c l e s  
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of d i f f e r e n t  signs a t  s l i g h t l y  d i f f e r e n t  l a t i t u d e s .  

Kern (1961),  and F e j e r  (1961) have independently suggested t h a t  charge 

s e p a r a t i o n ,  caused by t h e  a d i a b a t i c  motion of e n e r g e t i c  t rapped p a r t i c l e s  

( g i v e n  an asymmetric i n i t i a l  d i s t r i b u t i o n ) ,  could lead t o  t h e  a u r o r a l  

electrojet cur ren ts .  

t e n d s  t o  l e a d  t o  only a temporary f low of c u r r e n t s  u n t i l  n e u t r a l i t y  is 

r e s t o r e d  i n  t h e  b e l t  by t h e  a d i a b a t i c  motion i tself .  If ,  however, t h e  

charge s e p a r a t i o n  is followed by p r e c i p i t a t i o n  as i n  t h e  mechanism of 

Chamberlain e t .  al. (19601, t hen  a s t eady  c u r r e n t  system can r e s u l t .  

Chamberlain (19611, 

This  mechanism which invokes charye s e p a r a t i o n  a lone ,  

A s t e a d y  c u r r e n t  system can a l s o  be produced i n  a d i f f e r e n t  manner, 

by t h e  s t reaming of low energy magnetospheric plasma a c r o s s  a be l t  of 

e n e r g e t i c  charged p a r t i c l e s  of predominantly one sip. ( F e j e r  19532, 1963b). 

The motion of t h e  magnetospheric plasma may be p a r t l y  caused by electric 

f i e l d s  a s s o c i a t e d  wi th  t h e  t i d a l  dynamo c u r r e n t s  but  is probably mainly 

due t o  t h e  p a r t i c i p a t i o n  of magnetospheric plasma i n  t h e  e a r t h ' s  r o t a t i o n .  

As w i l l  be shown i n  t h e  nex t  s e c t i o n ,  t h i s  p a r t i c i p a t i o n  is modified by 

geomagnetic d i s t o r t i o n  due t o  t h e  s o l a r  wind i n  a manner t h a t  l e a d s  t o  a 

c u r r e n t  system of t h e  D s  type.  This  mechanism e x p l a i n s  t h e  D s  v a r i a t i o n s  and 

t h e  D s t  v a r i a t i o n s  i n  terms of t h e  same p h y s i c a l  phenomena; t h e  d i s t o r t i o n  of 

t h e  geomagnetic f i e l d  by t h e  s o l a r  stream and t h e  presence of e n e r g e t i c  t r apped  

protons.  

o t h e r  i n  producing t h e  D s t  v a r i a t i o n s  whereas t h e y  act i n  combination 

( m u l t i p l i c a t i v e l y )  i n  producing t h e  D s  v a r i a t i o n s .  Th i s  could a t  least 

p a r t l y  e x p l a i n  t h e  r a t h e r  d i f f e r e n t  t ype  of storm t i m e  v a r i a t i o n  of D s t  and of 

D s  amplitude,  shown by Figure 10;  ano the r  d i f f e r e n c e  i s  t h e  requirement of su f -  

f i c i e n t  i onosphe r i c  c o n d u c t i v i t y  f o r  t h e  D s  c u r r e n t  system but no t  f o r  t h e  D s t  

c u r r e n t s  . 

There i s  however a d i f f e r e n c e :  t h e  two phenomena coun te rac t  each 
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Axford and Hines (19611, i n  t h e i r  d i scuss ion  o f  magcetospheric motions, 

sugges t  a r a t h e r  d i f f e r e n t  exp lana t ion  of t h e  Ds c u r r e n t  system. 

ma in ta in  t h a t  t h e s e  c u r r e n t s  are caused by motions impressed by v i scous  

i n t e r a c t i o n  on t h e  magnetospheric gas by t h e  s o l a r  wind; above about 150 km 

both i o n s  and e l e c t r o n s  t a k e  p a r t  i n  magnetospheric motions bu t  i n  t h e  9C-150 km 

h e i g h t  region t h e  i o n s  are stopped by c o l l i s i o n s  with n e u t r a l  p a r t i c l e s  and 

t h e r e f o r e  t h e  p a r t i c i p a t i o n  o f  t h e  e l e c t r o n s  c o n s t i t u t e s  a c u r r e n t .  

They 

I t  i s  no t  easy  t o  assess t h e  r e l a t i v e  importance o f  t h e s e  d i f f e r e n t  

mechanisms i n  t h e  product ion of t h e  Ds v a r i a t i o n s .  

system must undoubtedly be modified by t h e  inc reased  ionosphe r i c  conduc t iv i ty  

produced by a u r o r a l  zone p a r t i c l e  bombardment and such a mod i f i ca t ion  must 

make a c o n t r i b u t i o n  t o  t h e  Ds c u r r e n t  system. 

H. Maeda's (1957) work t h a t  t h e  c o n t r i b u t i o n  must be a r e l a t i v e l y  small one. 

It  is d i f f i c u l t  t o  assess t h e  importance of magnetospheric motions 

The dynamo c u r r e n t  

I t  appears ,  however from 

d r i v e n  by v i scous  i n t e r a c t i o n  (Axford and Hines, 1961) without  an i n v e s t i g a t i o n  

of t h e  n a t u r e  of t h e s e  i n t e r a c t i o n s .  I t  should be remarked he re  t h a t  o t h e r  

mechanisms ( F e j e r  1963a, 1963b) suggested f o r  t h e  explanat ion of t h e  Ds 

c u r r e n t s  n e c e s s a r i l y  a l s o  l e a d  t o  magnetospheric motions. 

Charge s e p a r a t i o n  caused by t h e  a d i a b a t i c  motion of t r apped  p a r t i c l e s  

(Chamberlain 1961, 

t o  t h e  Ds c u r r e n t  system whenever temporary asymmetries occured i n  t h e  b e l t  o f  

t r apped  p a r t i c l e s .  

I t  is even more d i f f i c u l t  t o  estimate t h e  ionospheric  c u r r e n t s  caused by 

d i r e c t  p a r t i c l e  bombardment (Chamberlain et .  al . ,  1960) s i n c e  n o t  enough 

i s  known about t h e  n a t u r e  of a u r o r a l  bombardment. 

F e j e r  1961, Kern 1961) could make a s i g n i f i c a n t  c o n t r i b u t i o n  

The frequency of such occurences cannot be e a s i l y  es t imated.  

The importance of i onosphe r i c  c u r r e n t  gene ra t ion  by t h e  i n t e r a c t i o n  of 

magnetospheric motions with t h e  b e l t  of t rapped p a r t i c l e s  can be es t ima ted  

roughly from sa t e l l i t e  d a t a  on t rapped e n e r g e t i c  p r o t o n s  and on t h e  
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d i s t o r t i o n  of t h e  geomagnetic f i e l d .  These rough estimates tend  t o  show 

( F e j e r  1963a, 1963b) t h a t  t h e  r e s u l t i n g  c u r r e n t  system could exp la in  t h e  

small enhancement of magnetic v a r i a t i o n s  i n  t h e  a u r o r a l  zone (Nagata and 

Kokubun 1962) dur ing  q u i e t  days; t h e  g r e a t l y  enhanced magnetic v a r i a t i o n s  

du r ing  d i s t u r b e d  days would then  have t o  be expla ined  by increased  geomagnetic 

compression and a g r e a t e r  temporary t rapped  proton populat ion.  The methods 

used i n  e s t ima t ing  t h e  c u r r e n t  system due t o  t h e  i n t e r a c t i o n  of magnetospheric 

motions with t h e  bel t  o f  e n e r g e t i c  pro tons  w i l l  be s h o r t l y  o u t l i n e d  here.  

5.3 Currents  due t o  t h e  Presence of Ene rge t i c  Trapped Pro tons  i n  t h e  

Di s to r t ed  Geomagnetic F ie ld .  

I t  is  convenient t o  a r t i f i c a l l y  d i v i d e  t h e  charged p a r t i c l e s  of t h e  

magnetosphere i n t o  two groups: 1) e n e r g e t i c  p a r t i c l e s  wi th  e n e r g i e s  

g r e a t e r  than  say ,  40 keV, whose o r b i t s  are ha rd ly  a f f e c t e d  by t h e  convection 

of  t h e  magnetosphere (i.e. by t h e  presence of e l e c t r o s t a t i c  f i e l d s  t h e r e )  

because t h e i r  d r i f t  motion due t o  t h e  inhomogeneity of t h e  magnetic f i e l d  

(westward f o r  pro tons  and eastward f o r  e l e c t r o n s )  i s  much fas ter  than t h e  

v e l o c i t y  of magnetospheric convection and 2 )  low energy p a r t i c l e s  whose 

only  motion is t h a t  due t o  t h e  convection of t h e  magnetosphere. 

Consider t h e  convection of t h e  mapnetosphere due t o  t h e  r o t a t i o n  of t h e  

e a r t h  and t h e  i n t e r a c t i o n  of t h i s  r o t a t i o n  with a b e l t  of e n e r g e t i c  t rapped  

pro tons .  

p a t h  of t h e  e q u a t o r i a l  c r o s s i n p  poin t  of an e n e r e e t i c  t rapped  p a r t i c l e  is 

also d i s t o r t e d ;  t h e  c ros s ing  p o i n t s  l i e  c l o s e r  t o  t h e  e a r t h  on t h e  

n i g h t  s i d e  than  on t h e  day s i d e .  This is i l l u s t r a t e d  schemat ica l ly  by Figure 

11, where t h e  shaded reg ion  r e p r e s e n t s  t h e  e q u a t o r i a l  c ros s ing  p o i n t s  of  

t h e  proton b e l t  i n  t h e  d i s t o r t e d  peomagnetic f i e l d .  

f low l i n e  of t h e  r o t a t i n g  low energy plasma i n  t h e  e q u a t o r i a l  plane.  As 

a l i n e  of f o r c e  approaches t h e  subso la r  p o s i t i o n ,  it reaches  i t s  maximum 

When t h e  geomagnetic f i e l d  is d i s tu rbed  by t h e  s o l a r  wind, t h e  

Figure 11 a l s o  shows a 
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compression; t h u s  t h e  r o t a t i n g  low energy plasma i s  c l o s e s t  t o  t h e  e a r t h  i n  

t h e  s u b s o l a r  d i r e c t i o n .  

a c r o s s  t h e  high energy proton b e l t ,  inward on t h e  morning s i d e  and outward on 

t h e  evening s i d e ,  as seen from Figure 11. 

t h e  balance of space charge s i n c e  t h e  excess  n e g a t i v e  space charge of t h e  

low energy p a r t i c l e s  t h a t  compensates f o r  t h e  p o s i t i v e  space charge of t h e  

e n e r g e t i c  p ro tons ,  streams inward o r  outward. 

r e s t o r e d  approximately by c u r r e n t s  a long t h e  h igh ly  conducting f i e l d  l i n e s  

which l i n k  t h e  magnetosphere t o  t h e  ionosphere and by ionosphe r i c  c u r r e n t s .  

The ionosphe r i c  c u r r e n t s  are dr iven by e lec t r ic  p o l a r i z a t i o n  f i e l d s  due t o  

t h e  r e s i d u a l  space charge. 

south directioii i n  t h e  ionosphere.  

i onosphe r i c  c u r r e n t s  whose d i r e c t i o n  is t h a t  of t h e  d r i v i n g  electric f i e l d ,  

t h e r e  w i l l  a l s o  be i n t e n s e  ionospheric  H a l l  c u r r e n t s  which are approximately 

free of divergence and whose d i r e c t i o n  of flow is normal t o  t h e  d r i v i n g  

electric f i e l d .  

The low energy plasma t h e r e f o r e  t r ies  t o  stream 

Such a motion t e n d s  t o  upse t  

Charge n e u t r a l i t y  is 

The e lec t r ic  f i e l d s  are mainly i n  t h e  north-  

I n  a d d i t i o n  t o  t h e  ! 'neutraiizing' '  

They are i d e n t i f i e d  wi th  t h e  a u r o r a l  e l e c t r o j e t s .  

I t  is t o  be noted t h a t  t h e s e  e l e c t r i c  f i e l d s  Droduce d r i f t  motions i n  

t h e  magnetosphere which must be added t o  t h e  motions caused by t h e  e a r t h ' s  

r o t a t i o n .  If t h e  ionosphe r i c  conduc t iv i ty  is s u f f i c i e n t l y  high then  t h e s e  

motions may be neg lec t ed ;  otherwise they  c o n s t i t u t e  a r e a c t i o n  on t h e  

o r i g i n a l l y  assumed motions which must be taken i n t o  account.  

Since t h e  motions o f  t h e  magnetosphere have t h e  n a t u r e  of an in t e rchange  

of t u b e s  o f  f o r c e ,  it i s  convenient t o  cons ide r  t h e  p r o j e c t i o n  of t h e  motions 

t o  t h e  ionosphe r i c  s h e l l  a long t h e  l i n e s  of f o r c e  which are approximately a l s o  

l i n e s  of equa l  p o t e n t i a l .  

a system t h a t  does n o t  t a k e  p a r t  in  t h e  e a r t h ' s  r o t a t i o n  (as seen from 

t h e  sun)  and i n  which t h e  d e n s i t y  of t rapped p ro tons  is  only a func t ion  of 

p o s i t i o n  and does no t  va ry  with time. 

and t h e  magnetic axes  are taken t o  be normal t o  t h e  e c l i p t i c  plane.  

Let a semis t a t iona ry  state be considered from 

For s i m p l i c i t y  both t h e  r o t a t i o n a l  

It i s  
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convenient  t o  assume symmetry about t h e  equa to r  and def ine  t h e  space charge-Q 

of e n e r g e t i c  t rapped  pro tons  pe r  u n i t  area '3n t h e  ionospher ic  s h e l l ,  a f t e r  

p r o j e c t i o n  a long  t h e  l i n e s  of force .  

by t h e  s o l a r  wind, then  Q is n o t  only a func t ion  of t h e  l a t i t u d e  but  also of  

t h e  long i tude  ( o r  more c o r r e c t l y  of l o c a l  t ime) .  

area of t h e  low energy p a r t i c l e s  w i l l  t hen  be approximately Q and t h i s  space 

charge moves wi th  t h e  p ro jec t ed  v e l o c i t y  Zv + 

v e l o c i t y  due t o  t h e  e a r t h ' s  r o t a t i o n  and i s  t h e  a d d i t i o n a l  p ro jec t ed  d r i f t  

v e l o c i t y  caused by t h e  presence of e l e c t r i c  p o l a r i z a t i o n  f i e l d s  seen from t h e  

r o t a t i n e  system, 

s o l a r  wind is n e g l i g i b l e  at  ionospher ic  h e i g h t s  so t h a t ,  a p a r t  from t h e  

a d d i t i o n a l  d r i f t  v e l o c i t y  '&, t h e  fee t  of  t h e  l i n e s  of fo rce  i n  t h e  ionosphere 

simply p a r t i c i p a t e  i n  t h e  e a r t h ' s  r o t a t i o n ) ,  

can be no s t eady  accumulation o f  charges  and t h e r e f o r e  

If t h e  geomagnetic f i e l d  is d i s t o r t e d  

The space charge p e r  u n i t  

where w is t h e  p ro jec t ed  -R w.D .-R 

-R 

( I t  is  assumed t h a t  t h e  geomagnetic d i s t o r t i o n  due t o  t h e  

I n  a s t a t i o n a r y  s ta te  t h e r e  

where ,fad! is t h e  he ight  i n t e g r a t e d  ionospher ic  c u r r e n t  d e n s i t y  a n d d h  i s  

given by equat ion  (20) .  The south  and east  components of vR are 

'1G =ci 
R X  

where R is t h e  r a d i u s  o f  t h e  ionospher ic  s h e l l .  

of  t h e  f o o t  of a l i n e  of f o r c e  has  t h e  components 

The d r i f t  v e l o c i t y  vD 

(23)  

A combination of equa t ions  (20)  and ( 2 2 )  y i e l d s  t h e  d i f f e r e n t i a l  equat ion  
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f o r  p, of  which equat ion  ( 2 1 )  of t h e  dynamo theo ry  is  a s p e c i a l  case. 

Equation (25)  was solved numerical ly  by F e j e r  (1963b). I n  h i s  

a n a l y s i s , &  was set equal  t o  zero.  The same r a t i o s  of t h e  he ight  i n t e g r a t e d  
u - 

c o n d u c t i v i t i e s  SCAZ ,Jqd.Z andl&'d!! were used as i n  F e j e r ' s  (1953) 

prev ious  work on t h e  dynamo theory.  

were assumed t o  be independent of geographica l  pos i t i on ;  t h e  r e s u l t i n g  

components o f ,  l q d z  were t h u s  func t ions  of t h e  l a t i t u d e  only.  The l a t i t u d e  

d i s t r i b u t i o n  of t h e  func t ion  Q w a s  es t imated  from t h e  s a t e l l i t e  obse rva t ions  

of  Davis and Williamson (1962) on t rapped  e n e r g e t i c  protons.  

l o n g i t u d i n a l  asymmetry was then  introduced which s h i f t e d  t h e  l a t i t u d e  d i s t r i b u t i o n  

o f  Q n e a r e r  t o  t h e  po le  by 7O on t h e  day s i d e ,  and f u r t h e r  from t h e  po le  by 7 O  

on t h e  n i g h t  s i d e ,  i n  o r d e r  t o  s imula te  roughly t h e  geomagnetic d i s t o r t i o n  

due t o  t h e  s o l a r  wind. The corresponding maximum pro jec t ed  s t reaming 

These he ipht  i n t e g r a t e d  c o n d u c t i v i t i e s  

An a r t i f i ca l  

v e l o c i t y  of low energy plasma ac ross  t h e  proton b e l t  would be about  58 m/sec. 

The computed ionospher ic  cu r ren t  systems are shown by Figure 12a-12c 

f o r  t h r e e  d i f f e r e n t  sets of  va lues  of t h e  he igh t  i n t e g r a t e d  c o n d u c t i v i t i e s .  The 

e l ec t r i c  f i e lds  d r i v i n g  t h e  c u r r e n t s  may be der ived  from Figures  13a-l3c,  

which show l i n e s  o f  equa l  p o t e n t i a l  on t h e  ionospher ic  s h e l l .  The Hall 

c u r r e n t s  f low p a r a l l e l  t o  t h e  l i n e s  o f  equa l  p o t e n t i a l  which can t h e r e f o r e  

a l s o  be i n t e r p r e t e d  as l i n e s  of f low of t h e  Hall c u r r e n t .  

assumptions,  t h e  Hall c u r r e n t  is no t  very d i f f e r e n t  from t h e  t o t a l  ionospher ic  

c u r r e n t  except  n e a r  t h e  equator .  

Under t h e  p re sen t  

F igures  12a and 13a show t h a t  t h e  c u r r e n t  system c l o s e l y  resembles  
r 

Chapman's (1935) i d e a l i z e d  D s  c u r r e n t  system (Fig .  9)  f o r , , ' q d L  = 47 mhos (about  

twice  t h e  midday conduc t iv i ty  a t  medium l a t i t u d e s )  and t h a t  a he ight -  

i n t e g r a t e d  maximum east-west c u r r e n t  d e n s i t y  o f  63 amps/km (corresponding t o  

a change i n  t h e  h o r i z o n t a l  component o f  t h e  magnetic f i e l d  of about  80 1 

f lows  i n  t h e  a u r o r a l  zone. 

when t h e  conduc t iv i ty  is dropped t o  JTdZ = 1 4  mhos but  t h e  shape of  t h e  

This  c u r r e n t  d e n s i t y  is  n o t  decreased s u b s t a n t i a l l y  
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c u r r e n t  system is changed as shown by Figures  12b and 13b. 

i s  decreased s t i l l  f u r t h e r  t o  [T;dZ = 4 6  mhos, t h e  maximum east-west cu r ren t  

d e n s i t y  i n  t h e  a u r o r a l  zone is reduced t o  about 22 amps/km and t h e  shape of 

t h e  c u r r e n t  system is  modified considerably as shown by Figures  12 c and 13c, 

bu t  t h e  magnitudes of  t h e  c u r r e n t  d e n s i t i e s  i n  t h e  p o l a r  caps and a t  low 

l a t i t u d e s  are n o t  y e t  modified s u b s t a n t i a l l y ,  

reduced,  t h e  c a l c u l a t i o n s  show a reduct ion  of t h e  c u r r e n t  d e n s i t y  a t  a l l  

l a t i t u d e s .  

As t h e  conduc t iv i ty  

A s  t h e  conduc t iv i ty  i s  f u r t h e r  

The r e s u l t s  of t h e s e  c a l c u l a t i o n s  show t h a t  a t  geomagnet ical ly  q u i e t  

times t h e  i n t e r a c t i o n  of magnetospheric motions with t h e  b e l t  of  t rapped  

pro tons  could l ead  t o  changes i n  t h e  h o r i z o n t a l  f i e l d  by about 70 

a u r o r a l  zone on t h e  day s i d e ;  t h e  necessary ionospher ic  conduc t iv i ty  i s  then 

produced by u l t r a v i o l e t  r a d i a t i o n  from t h e  sun. 

t h e s e  c a l c u l a t i o n s  t h a t  t h e  explana t ion  of observed changes of s e v e r a l  

hundred 

zone on t h e  n igh t  s i d e  dur ing  magnetic s torms r e q u i r e s  n o t  on ly  more t rapped 

p ro tons  and a g r e a t e r  geomagnetic d i s t o r t  ion but  a l s o  a u r o r a l  zone n igh t - t  i m e  

ionospher ic  c o n d u c t i v i t i e s  which exceed by a t  l eas t  a f a c t o r  of about 2 t h e  

midday conduct iv i ty  a t  moderate l a t i t u d e s .  

occur  i n  t h e  a u r o r a l  zone dur inp  severe spo rad ic  E cond i t ions ,  The pa tch iness  

of t h e  a c t u a l  c u r r e n t  d i s t r i b u t i o n  may w e l l  be caused by t h e  pa t ch iness  i n  t h e  

ionospher ic  conduct iv i ty .  

i n  t h e  

I t  is  equa l ly  clear from 

i n  t h e  h o r i z o n t a l  component of t h e  mapnetic f i e l d  i n  t h e  a u r o r a l  

Such high c o n d u c t i v i t i e s  probably 

F e j e r  (1963b) shows t h a t  if u is not  set equa l  t o  ze ro  then  t h e  presence 

of t rapped  e n e r g e t i c  pro tons  modif ies  t h e  dynamo c u r r e n t  system even i n  t h e  

absence of  any d i s t o r t i o n  of t h e  peomape t i c  f i e l d  by t h e  s o l a r  wind. 

a d d i t i o n a l  c u r r e n t  system resembles those  of Fig. 1 2  and 13 i n  shape but  

has  t h e  oppos i t e  phase i f  t h e  gene ra l ly  accepted phase of t h e  t i d a l  p o l a r i z a t i o n  

f i e l d  ( l i e  Maeda 1955)  is assumed. Thus t h e  mere presence of e n e r g e t i c  

The 
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t r apped  pro tons  could produce cons iderable  a d d i t i o n a l  magnetic v a r i a t i o n s  

i n  t h e  a u r o r a l  zone. 

t h i s  modified dynamo c u r r e n t  system and is p a r t l y  due t o  geomagnetic 

The a c t u a l  cu r ren t  system probably p a r t l y  c o n s i s t s  of 

d i s t o r t i o n  by t h e  s o l a r  wind, 

5.4 Diurna l ly  Recurring Events. M a p e t i c a l l y  Conjugate Events.  

I t  was shown i n  t h e  prev ious  s e c t i o n  t h a t  t h e  p r o j e c t i o n  of t h e  be l t  

of t r apped  p a r t i c l e s  t o  t h e  e a r t h ' s  s u r f a c e  a long  t h e  f i e l d  l i n e s  of t h e  

d i s t o r t e d  geomagnetic f i e l d  is n o t  symmetrical  about t h e  geomagnetic pole .  

If a narrow s h e l l  of t r apped  p a r t i c l e s  is considered then t h e  p r o j e c t i o n  is 

a t  a h ighe r  l a t i t u d e  n e a r  t h e  subso la r  p o i n t  than  on t h e  n i g h t  s ide .  

system r o t a t i n g  wi th  t h e  e a r t h  t h i s  asymmetric p r o j e c t i o n  of  t h e  s h e l l  

rotates about t h e  m+petic ax i s  t-?ith a p e r i c d  ef =ne s ~ l m  day sc t h a t  a 

From a 

given p o i n t  on t h e  e a r t h  may f i n d  i tself  on t h e  p r o j e c t i o n  twice a day a t  

two s e p a r a t e  l o c a l  times. Since t h e  magnetic effects  a r e  s t r o n g e s t  n e a r  t h e  

p r o j e c t i o n  of t h e  s h e l l ,  t h e  observed d a i l y  recur rence  of c e r t a i n  f e a t u r e s  of  

magnetic r eco rds  f o r  s e v e r a l  success ive  days (Chapman and Bartels 1940) 

may be expla ined  i n  t h i s  manner. The s t r i k i n g  s i m i l a r i t y  of magnetic r eco rds  

a t  conjugate  s t a t i o n s  (Wescott 1961, 1962) may sometimes have similar causes  

a l though s imultaneous changes i n  t h e  p r e c i p i t a t i o n  of  p a r t i c l e s  from t h e  

common f i e l d  l i n e  and t h e  r e s u l t i n g  s imultaneous changes i n  ionospher ic  

conduc t iv i ty  may p l a y  an even g r e a t e r  p a r t .  

6. Addi t iona l  Effects Associated wi th  Ionospher ic  Current Systems 

6.1. Magnetospheric Motions 

I t  was poin ted  out  p rev ious ly  t h a t  t h e  ionospher ic  cu r ren t  system due 

t o  t h e  presence of e n e r g e t i c  t rapped pro tons  i n  t h e  d i s t o r t e d  geomapnetic 

f i e l d  (as w e l l  as t h e  t i d a l  dynamo c u r r e n t  system) i s  accompanied by 

magnetospheric motions. These motions may be der ived  from Figures  13a-13c 

s i n c e  t h e  l i n e s  of e q u i p o t e n t i a l  given t h e r e  are also f low l i n e s  of  t h e  
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p r o j e c t e d  motion, 

e lec t r ic  f i e l d ,  it fol lows from Fig. 13a-13c t h a t  t h e  v e l o c i t y  of t h e  motion 

r eaches  it maximum va lue  f o r  low c o n d u c t i v i t i e s  and dec reases  t o  ve ry  low 

v a l u e s  wi th  i n c r e a s i n g  conduct ivi ty .  The convection p a t t e r n  is  similar 

t o  t h a t  suggested by Axford and Hines (1961) and w i l l  n o t  be d i scussed  he re  

f u r t h e r .  

p a t t e r n s ,  moving v i s u a l  a u r o r a l  forms and d r i f t i n g  ionosphe r i c  i r r e p u l a r i t i e s  

r e s p o n s i b l e  f o r  r a d i o  s tar  s c i n t i l l a t i o n s  could a l l  be regarded as obse rva t iona l  

evidence f o r  t h e  e x i s t e n c e  o f  magnetospheric motions. 

Since t h e  v e l o c i t y  of t h e  motion i s  p r o p o r t i o n a l  t o  t h e  

I t  should however be mentioned t h a t  moving a u r o r a l  r a d a r  echo 

A less  d i r e c t  evidence of magnetospheric d r i f t  motions a s s o c i a t e d  wi th  

t h e  t i d a l  dynamo c u r r e n t  system i s  t h e  d i s t o r t i o n  o f  ionospheric  l a y e r s  which 

has been a t t r i b u t e d  t o  v e r t i c a l  d r i f t s  of i o n i z a t i o n  (Martyn 1950, K. Maeda 

1955). 

6.2. Ionosphe r i c  Heating Effects 

The ionosphe r i c  c u r r e n t s  r e s p o n s i b l e  f o r  magnetic v a r i a t i o n s  are a s s o c i a t e d  

with Ohmic l o s s e s ,  and t h e r e f o r e  cause atmospheric heat ing.  

Kat0 1962).  

is cons ide rab le ,  is l i k e l y  t o  be p a r t i c u l a r l y  important.  Heating effects 

o f  t h i s  n a t u r e  would be expected t o  be most i n t e n s e  i n  t h e  a u r o r a l  zone where t h e  

e lec t r ic  f i e l d s  are l a r g e s t ,  

(Cole 1962, 

The hea t ing  i n  t h e  130 - 200 km r eg ion  where t h e  Pedersen c o n d u c t i v i t y  

Fur the r  ana lyses  of t h e s e  h e a t i n g  effects and 

t h e i r  p o s s i b l e  s i g n i f i c a n c e  i n  t h e  explanat ion of t h e  inc reased  atmospheric 

drag observed by sa te l l i t es  during geomagnetic storms ( J a c c h i a  1959a, 1959b) 

would be d e s i r a b l e .  

Electric f i e l d s  a t  h e i g h t s  o f  about 400 km have a l s o  been invoked 

(Meg i l l ,  Rees and Droppelman, 1962; Megill and Carleton,  1963) i n  a t t empt s  

t o  e x p l a i n  t h e  n i g h t  sky emission of t h e  r e d  l i n e s  of atomic oxygen i n  

mid - l a t i t ude  r ed  arcs (Roach and Roach, 1963) .  

caused by e l e c t r o n s  whose temperature  may exceed t h e  temperature  o f  t h e  

n e u t r a l  p a r t i c l e s  cons ide rab ly  when an e l ec t r i c  f i e l d  normal t o  t h e  magnetic 

The e x c i t a t i o n  is assumed t o  be 
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f i e l d  i s  p resen t .  

6.3. The Accelerat ion of Charged Par t ic les  

Two t y p e s  o f  a c c e l e r a t i o n  mechanisms could be a s s o c i a t e d  with t h e  

c u r r e n t  systems discussed he re  and p a r t i c u l a r l y  with t h e  a u r o r a l  D s  c u r r e n t  

system. The first o f  t h e s e  has  been proposed by Axford and Hines (1961). 

I n  t h e i r  mechanism t h e  a c c e l e r a t i o n  is due t o  t h e  compression s u f f e r e d  

by a magnetospheric t ube  of f o r c e ,  as it moves from high t o  low l a t i t u d e s ;  

t h e  converse p rocess  of d e c e l e r a t i o n  is, of course,  a l s o  poss ib l e .  

a c c e l e r a t i o n  may a l t e r n a t i v e l y  be descr ibed (Hines,  1 9 6 s )  as being due t o  

e l ec t r i c  f i e lds  of t h e  type  dep ic t ed  i n  Fig. 1 3  and is t h e r e f o r e  l i m i t e d  

a t  any given t i m e  by t h e  a v a i l a b l e  p o t e n t i a l  d i f f e r e n c e s  t o  t e n s  of k i l o v o l t s .  

The 

A r a t h e r  d i f f e r e n t  t y p e  of a c c e l e r a t i o n  mechanism may o p e r a t e  if 

s t r o n g  inhomogeneities,  such as a sharp l a t i t u d i n a l  g r a d i e n t ,  e x i s t e d  i n  

t h e  d i s t r i b u t i o n  of e n e r g e t i c  t rapped protons.  

l ead  t o  t h e  sudden accumulation of space charges on t h e  d r i f t i n g  t u b e s  

of f o r c e  and t h e s e  could n o t  be conducted away ins t an taneous ly  along t h e  

tubes  of f o r c e  as cssumed i n  s e c t i o n  5.3. 

b u i l d  up, a t  least  t empora r i ly ,  along t h e  t u b e s  o f  f o r c e  and t h e s e  would 

l e a d  t o  t h e  a c c e l e r a t i o n  of plasma e l e c t r o n s .  

were d i scussed  by Chamberlain (1961, 1962). They may p l a y  an important role 

i n  t h e  a u r o r a l  e l e c t r o n  bombardment and t h e i r  f u r t h e r  i n v e s t i g a t i o n  would be 

d e s i r a b l e .  

7 . Concluding Remarks 

Such inhomogeneities would 

Large e l ec t r i c  f i e l d s  could then  

S i m i l a r  a c c e l e r a t i o n  mechanisms 

The review given i n  t h i s  paper is  intended t o  s e r v e  as a basis f o r  

f u r t h e r  i n v e s t i g a t i o n s ,  both t h e o r e t i c a l  and o b s e r v a t i o n a l ,  of t h e  d a i l y  

magnetic v a r i a t i o n s ,  

I t  appears  t h a t  a l l  d a i l y  v a r i a t i o n s  of t h e  geomagnetic f i e l d  are 

caused by t h e  r o t a t i o n  of t h e  e a r t h  as seen from t h e  sun o r  t h e  moon and 
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t h a t  t h e  v a r i a t i o n s  could t h e r e f o r e  be p rope r ly  c a l l e d  t i d a l  i f  t h a t  

a d j e c t i v e  were used i n  i t s  widest  sense.  

t o  be e n t i r e l y  r e spons ib l e  f o r  l u n a r  t i d a l  geomagnetic v a r i a t i o n s  but  they  

appear  t o  p l ay  only  a minor p a r t  i n  t h e  genera t ion  of d a i l y  magnetic 

v a r i a t i o n s  r e l a t e d  t o  t h e  s o l a r  day. The l a t t e r  are probably caused p a r t l y  

by t h e  atmospheric  absorp t ion  of s o l a r  r a d i a t i o n  mainly below t h e  mesopause 

G r a v i t a t i o n a l  effects are be l i eved  

( t h i s  r e s t r i c t i o n  is very t e n t a t i v e  s i n c e  t h e  effects of a hea t  input  above t h e  

mesopause have n o t  been considered)  over  t h e  s u n l i t  p a r t  of  t h e  e a r t h  and 

p a r t l y  by t h e  i n t e r a c t i o n  of t h e  s o l a r  wind wi th  t h e  geomagnetic f i e l d  and 

t h e  p a r t i c l e s  t rapped  i n  it. 

t h e  atmospheric  absorp t ion  of s o l a r  r a d i a t i o n  is be l ieved  t o  be t h e  predominant 

cause of d a i i y  v a r i a t i o n s  dur ing  magnet ica l ly  q u i e t  days ( t h e  Sq v a r i a t i o n s )  

whereas t h e  i n t e r a c t i o n  of  t h e  s o l a r  wind wi th  t h e  magnetosphere is thought t o  

be t h e  cause of d a i l y  v a r i a t i o n s  during d i s tu rbed  days ( t h e  D s  v a r i a t i o n s ) .  

The q u i e t  day magnetic v a r i a t i o n s  are b e t t e r  known o b s e r v a t i o n a l l y  and 

The e x c i t a t i o n  of atmospheric o s c i l l a t i o n s  by 

are mucn b e t t e r  understood t h e o r e t i c a l l y  than t h e  d is turbance  d a i l y  v a r i a t i o n s .  

The i n t e g r a t e d  theo ry  of t h e  atmospheric t i d a l  o s c i l l a t i o n s  and of t h e i r  

magnetic e f f e c t s  is, however, s t i l l  an unsolved problem. Moreover many 

obse rve r s  are beginninp t o  r e a l i z e  t h a t  t h e  same mechanisms t h a t  are r e spons ib l e  

f o r  t h e  genera t ion  of a d d i t i o n a l  d a i l y  mapet ic  v a r i a t i o n s  dur ing  d i s tu rbed  

days,  are never  q u i t e  absent ,  even dur inp  mapnet ical ly  q u i e t  days. 

Theories  of t h e  d a i l y  d is turbance  v a r i a t i o n s  are of r e l a t i v e l y  r e c e n t  

o r i g i n .  

v a r i a t i o n s  i s  no t  y e t  known with c e r t a i n t y .  Observat ional  c h e c k s  of t h e  

proposed t h e o r i e s  are u rgen t ly  needed. 

h e l p f u l  i n  t h i s  r e spec t  but  a g rea t  d e a l  more could probably be l ea rned  from 

ground-based magnetic observa t ions  and from t h e  a n a l y s i s  of e x i s t i n p  magnetic 

records .  

Thei r  p re sen t  review i s  unavoidably b iased  s i n c e  t h e  cause of t h e s e  

S a t e l l i t e  obse rva t ions  w i l l  be very 
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CAPTIONS FOR FIGURES 

Figure  1 Schematic i l l u s t r a t i o n  of t h e  t ide-producing f o r c e  as t h e  

r e s u l t a n t  of t h e  g r a v i t a t i o n a l  and t h e  i n e r t i a l  fo rces .  

F igure  2 Comparison of t h e  atmospheric temperature  p r o f i l e  used by 

Weekes and Wilkes  (1947) wi th  t h a t  o f  t h e  1962 U. S. Standard 

Atmosphere . 
Figure 3a Calculated he igh t  d i s t r i b u t i o n  o f  t h e  r e l a t i v e  amplitude of 

s o l a r  semidiurna l  p re s su re  o s c i l l a t i o n s .  Curve ( a ) ,  Small 

and B u t l e r  (1963);  curve ( b ) ,  Weekes and Wilkes  (1947). 

Figure 3b Calcula ted  he igh t  d i s t r i b u t i o n  o f  t h e  phase of s o l a r  semidiurna l  

p re s su re  o s c i l l a t i o n s .  The o s c i l l a t i o n  is descr ibed  i n  terms 

of  cos ( r t  + phase)  where t denotes  s o l a r  l o c a l  time beginning 

a t  noon. Curve ( a ) ,  Small and B u t l e r  (1963);  curve ( b ) ,  Weekes 

and Wilkes (1947). 

Figure 4 The he igh t  d i s t r i b u t i o n  of t h e  t h r e e  c o n d u c t i v i t i e s  , 5 and 5 
f o r  r e p r e s e n t a t i v e  va lues  of t h e  c o l l i s i o n  and gyro-frequencies  a t  

a moderate l a t i t u d e .  

of an e l e c t r o n  i s  equal  t o  i t s  c o l l i s i o n  frequency;  zI. has  t h e  

same s i g n i f i c a n c e  fo r  ions.  

A t  t h e  he igh t  z, t h e  angular  gyro-frequency 

Figure  5 The he igh t  i n t e g r a t e d  midday c o n d u c t i v i t i e s  ,()- a n d W  as 
E X  “y YY 

func t ions  of t h e  l a t i t u d e .  

Figure 6 World-wide wind system (shown by arrows)  produced by t h e  p rogres s ive  

component of t h e  world wide p res su re  system. The p res su re  system 

i s  i n d i c a t e d  by i s o b a r i c  curves.  The p res su re  d i f f e r e n c e  between 

neighboring i s o b a r s  is 0.2 mm HE. ( A f t e r  Bartels i n  Wien-Harms, 



"Handbuch d e r  Experimental physik," Vol. 25, Leipzig,  1928). 

F igu re  7 The overhead c u r r e n t  system corresponding t o  So_ over  t h e  s u n l i t  

hemisphere ( a )  and t h e  n i g h t  hemisphere ( b )  , sunspot minimum, a t  

equinox. A c u r r e n t  o f  10,000A flows between ad jacen t  l i n e s .  From 

Chapman and Bartels, "Geomagnetism," Vols. 1 and 2 ,  Oxford, 

Clarendon Press, 1940. 

Figure 8 The d i u r n a l  (a )  and semidiurnal  (b) wind p a t t e r n s  of t h e  no r the rn  

hemisphere, as deduced by Kat0 (1956) from t h e  average q u i e t  day 

magnetic v a r i a t i o n s .  

a wind speed of 50 m s e c  . 
The s i d e s  of each elementary square r e p r e s e n t  

-1 

Figure 9 V i e w s  from t h e  sun ( a )  and from above t h e  n o r t h  p o l e  ( b )  o f  t h e  

idealized overhead c u r r e n t  system t h a t  couid produce t h e  D s  

magnetic v a r i a t i o n s .  

l i n e s  . 
Clarendon Press, ( 1940). 

A comparison of t h e  rates o f  evo lu t ion  of D s t  and t h e  range of 

D s  dur ing t h e  first t h r e e  days o f  weak, moderate and g r e a t  storms; 

mean d i p o l e  l a t i t u d e  30°. 

and those  f o r  D s  w i th  broken l i n e s .  (Sugiura  and Chapman, 1960). 

Schematic r e p r e s e n t a t i o n  i n  t h e  e q u a t o r i a l  plane of t h e  d i sp laced  

b e l t  o f  t r apped  p ro tons  and of a stream l i n e  of t h e  low energy 

plasma r o t a t i n g  i n  t h e  geomagnetic f i e l d  d i s t o r t e d  by t h e  s o l a r  

wind. The low enerEy plasma streams inward a c r o s s  t h e  proton 

b e l t  du r ing  t h e  morning hours  and outward du r inp  t h e  evening hours. 

A c u r r e n t  of 10,000A f lows between ad jacen t  

From Chapman and Bartels , "Geomagnetism ," Oxford , 

Figure 10 

D s t  curves  are drawn with f u l l  l i n e s ,  

Figure 11 

Figure 12a-12c The c a l c u l a t e d  amplitudes and phases of t h e  he igh t - in t eg ra t ed  

c u r r e n t  d e n s i t y  components as f u n c t i o n s  of t h e  l a t i t u d e ,  f o r  

d i f f e r e n t  v a l u e s  o f  t h e  h e i g h t - i n t e e r a t e d  Hall c o n d u c t i v i t y  



$,dh. The o t h e r  c o n d u c t i v i t i e s  were changed i n  propor t ion .  

The l a b e l s  E and S denote t h e  east  and t h e  south  components 

of t h e  he igh t - in t eg ra t ed  c u r r e n t  dens i ty .  The s o l i d  Lines 

i n d i c a t e  t h e  h iphes t  absolu te  va lue  a t t a i n e d  by each component 

dur ing  i t s  d i u r n a l  v a r i a t i o n ;  t h e  i n t e r r u p t e d  l i n e s  show t h e  

l o c a l  times when t h e  s ign  of each component changes from p o s i t i v e  

t o  nega t ive  ( e a s t  t o  west o r  south  t o  n o r t h ) .  

F igure  13a-13c Lines o f  e q u i p o t e n t i a l  o f  t h e  e l e c t r i c  p o l a r i z a t i o n  f i e l d  

d r i v i n g  t h e  c u r r e n t s  of Figure 12a-12c. The va lues  of t h e  

he igh t - in t eg ra t ed  Hall conductivitySOc/2dh and of t h e  p o t e n t i a l  

d i f f e r e n c e  AV between n e i g h b o r h e  l i n e s  are shckm i;; each of 

t h e  f i g u r e s .  The l i n e s  of e q u i p o t e n t i a l  can also be i n t e r p r e t e d  

as l i n e s  of Hal l  cu r ren t  f low; t h e  arrows i n d i c a t e  t h e  d i r e c t i o n  

of  cu r ren t  flow. 
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